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UV Ultraviolet Ultravioleta 

VAN Vertically Aligned Nematic Nemático Alineado Verticalmente 
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LLIISSTT  OOFF  SSYYMMBBOOLLSS  
Symbol Unit Description 

α rad Evaporation angle 

d m Thickness of the device 

D m Thickness of the alignment layer 

Δφ dimensionless Optic retardation 

Δn dimensionless Birefringence 

ΔV V Voltage shift of a hysteresis curve 

ΔVi V Initial voltage shift of a hysteresis curve 

E V·m-1 Electric field  

η dimensionless Efficiency 

f Hz Frequency of the applied AC signal 

F m Focal length 

F  dimensionless Finesse 

φ rad Steering angle of a phase grating 

I A Electric current 

I0 A Initial electric current  

iP m Interpixel of a phase grating 

λ m Wavelength 

m 
dimensionless  Number of transmission peaks detected by the 

spectrophotometer 

µ m2·V-1·s-1 Mobility 

n dimensionless Refraction index 

N dimensionless Average refractive index 

n  m-3 Avarage concentration of charges 

-
THV  V Threshold voltage for for V < 0 
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+
THV  V Threshold voltage for V > 0 

∇ V V·m-1 Modulus of the voltage gradient 

p m Pitch of a material 

q C Elementary charge 

r m Lens radius 

R dimensionless  Reflectivity 

S 
dimensionless Order parameter which determinates the molecules 

distribution  around an average direction (n) 

Sel m2 Electrode area 

t s Time 

tss s Time when steady state current is reached 

T dimensionless Transmittance 

τfall S Fall time 

τrise S Rise time 

θ rad Deviation angle of molecules about the director 

θi rad Incidence angle 

VA 
V Applied voltage, measured between device 

electrodes 

x lp/mm Spatial frequency in the x direction 

y lp/mm Spatial frequency in the y direction 

Z dimensionless Valency of a charge 
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AABBSSTTRRAACCTT  

  
This thesis focuses primarily on two major lines: the effect of dissimilar alignment 

layers over the electro-optical and electrical responses in asymmetric liquid crystal devices, 

and manufacturing and characterization of liquid crystal lenses using conductive polymers as 

high resistivity electrodes.  

In the first part, several series of liquid crystal devices with dissimilar alignment 

layers (SiOx, slippery surface and PEDOT:PSS) are manufactured. Entire manufacturing 

protocols are fully exposed. The electro-optical responses and ion transport measurements are 

compared and analyzed to elucidate which phenomena are responsible of asymmetric 

responses. We found that different fluxes of charges injected or absorbed by the alignment 

layer are responsible of the asymmetry induced. In addition, the asymmetric electrical 

response (the impedance of devices are different for each field polarization) found below the 

threshold voltage involves the dominance of ionic effects over the spontaneous polarization 

as responsible of the asymmetry. 

One of the three alignment layers analyzed, PEDOT: PSS opens the way for the 

design and manufacture of LCDs using conductive polymers. This is the second major line 

developed in this thesis. We found that PEDOT:PSS can work simultaneously as an 

alignment layer and electrode (high resistivity electrode) paving the way for many 

applications such as flexible devices. 

Another important application of these LCDs based on organic compounds is the 

manufacture of liquid crystal lenses (MLCLs). An extensive study of the manufacture 

procedure and further characterization of these lenses are presented. Several types of 

conductive polymers are studied as potential candidates for high resistivity electrodes, 

concluding that PEDOT:PSS is the optimum. Due to the MLCLs configuration, the focal 

length can be tune varying both voltage and frequency of the applied signal. 

After a simple manufacturing procedure, MLCLs are obtained. Through a Hartmann-

Shack wavefront sensor, the outcoming wavefront of the lenses are characterized. This 

characterization leads us to conclude that lenses with PEDOT:PSS as a high resistivity 
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electrodes provide  better lenses. Using identical electrodes, and therefore, the deposition of 

PEDOT:PSS in both substrates yield a better configuration. Due to the shrinkage diameter 

effect, the effective radius of the lens is reduced involving a greater reduction of the focal 

length. The drawback of this effect is the appearance of residual light in the image. The 

placement of a dynamic diaphragm may solve this problem. The shrinkage diameter effect is 

more pronounced in lenses with identical electrodes. 

A further analysis is performed to quantize the quality of the lenses. Such analysis 

consists in the calculus of the Modulation Transfer Function (MTF) as function of the spatial 

resolution at different voltages (at different focal lengths). MTF variation as function of 

aperture radius of the lens leads us information about the contrast (at a spatial resolution of 10 

lp/mm) and resolution (30 lp/mm) for different voltages. 

In summary, this PhD work shows the study of asymmetric responses of asymmetric LCDs 

with dissimilar types of alignment layers. One of these alignment layers (PEDOT:PSS) is 

used as a high resistivity electrode in MLCLs. 
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Este trabajo de tesis se centra básicamente en dos líneas: el estudio las capas de 

alineamiento en dispositivos de cristal líquido asimétricos y cómo afecta la naturaleza 

de las mismas a las respuestas electro-óptica y eléctrica, y la fabricación de lentes de 

cristal líquido usando polímeros conductores como electrodos de alta resistividad. En la 

primera parte, se diseñan y fabrican LCDs con distintas capas de alineamiento (SiOX, 

slippery surface y PEDOT:PSS). Las respuestas electro-ópticas y las medidas de 

transporte de iones son comparadas para dilucidar qué fenómenos son los que generan 

la asimetría presente en aquellas respuestas. De las tres capas de alineamiento 

presentadas, la última (PEDOT:PSS) abre el camino para el diseño y fabricación de 

LCDs usando polímeros conductores. Esta es la segunda línea desarrolla en esta Tesis. 

Una aplicación de estos LCDs basados en componentes orgánicos es la fabricación de 

lentes modales de cristal líquido (MLCLs). En este trabajo se expone ampliamente la 

fabricación de estas lentes y su caracterización. Para finalizar, se lleva a cabo un 

exhaustivo análisis de la calidad de las mismas. 

1. Procedimientos de fabricación 
La cámara limpia donde se ha desarrollado este trabajo ha sido diseñada por el 

grupo de investigación, es de dimensiones reducidas pero muy versátil. Está dividida en 

distintas áreas de trabajo dependiendo del tipo de proceso que se lleva cabo. 

La cámara limpia está completamente cubierta de un material libre de polvo. 

Todas las entradas de suministro de gas y agua están selladas con silicona. El aire 

filtrado es constantemente bombeado dentro de la cámara limpia, a fin de crear una 

sobrepresión evitando así la entrada de aire sin filtrar. Las personas que trabajan en esta 

zona siempre deben de estar protegidas con un traje especial. Se utilizan trajes 

desechables: mono, máscara, guantes de látex, gorro, patucos y gafas de luz UV, cuando 

sea necesario. Para introducir material dentro cámara limpia se debe limpiar con alcohol 

y paños especiales y posteriormente secarlo con una pistola de nitrógeno. 

Los dispositivos fabricados para la posterior caracterización y estudio presentes 

en esta Tesis se han desarrollado en esta cámara limpia. Dicha fabricación debe seguir 

estrictamente unos pasos determinados, los cuales pueden cambiar dependiendo de los 

requerimientos de cada dispositivo. Por ello, la fabricación de LCDs requiere una 

formulación de varios protocolos de fabricación. Estos protocolos deben ser 
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estrictamente respetados a fin de obtener repetitividad en los experimentos, lo que lleva 

siempre asociado un proceso de fabricación fiable. 

De forma resumida, el proceso de fabricación es el siguiente: inicialmente, se 

cortan los vidrios (cuya cara interna es conductora) y se limpian. Después se imprimen 

las pistas sobre el vidrio formando los píxeles. Estas pistas conductoras provienen del 

vidrio con ITO (óxido de indio y estaño). Esto se hace a través de un proceso de 

fotolitografía con una resina fotosensible, y un desarrollo y ataque posterior del ITO sin 

protección. Más tarde, las caras internas de los vidrios se acondicionan depositando un 

polímero o un óxido (etapa necesarias para definir la orientación del cristal liquido con 

un pretilt deseado). Una vez que las superficies están acondicionados, se depositan los 

espaciadores para garantizar el grosor del sandwich, sobre un sustrato y un adhesivo 

(gasket) sobre el otro. A continuación, los sustratos se ensamblan teniendo en cuenta 

que el gasket debe dejar una puerta libre para que el cristal líquido (CL) se introduzca 

dentro de la célula. El llenado de la célula se realiza en una cámara de vacío y después 

la puerta se cierra. Por último, la conexión de los cables a la célula y el montaje de los 

polarizadores se realizan fuera de la sala limpia. La Figura 1 muestra un LCD fabricado 

en la cámara limpia. 

Dependiendo de la aplicación del LCD el 

cristal líquido utilizado tendrá unas 

características particulares. Por ejemplo, 

para el estudio del efecto de distintas capas 

de alineamiento sobre la respuesta del 

dispositivo se ha utilizado un cristal líquido 

antiferroeléctrico (AFLCs CS-4001) con 

una birrefringencia de 0.2110, y para el 

desarrollo de lentes modales de cristal 

líquido (MLCLs) se han utilizado un 

material nemático (NLC ZLI-3449-100) con 

una birrefringencia de 0.1325.  

2. Procedimientos de caracterización 
El siguiente paso después de la fabricación de los dispositivos de cristal líquido 

es el análisis de su respuesta en función de una señal aplicada. Hay dos tipos de análisis 

Figura 1. Ejemplo de un LCD fabricado 
en la cámara limpia 
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que se llevan a cabo en el presente trabajo: estudio de la luz transmitida de un 

dispositivo al aplicarle una determinada señal (caracterización electro-óptica) y estudio 

del transporte de cargas a través de medidas de corriente eléctrica (caracterización 

eléctrica) en función de la señal aplicada. Dependiendo del tipo de caracterización el 

montaje utilizado será distinto, aunque el software de control sea único, además de 

controlar ambos montajes. 

La caracterización electro-óptica (Fig. 2), consiste principalmente en la 

adquisición de las respuestas electro-ópticas estática y dinámica del LCD mientras se le 

aplican diferentes formas de onda, estando el dispositivo a una temperatura 

determinada. La caracterización debe enmarcarse dentro de la aplicación del dispositivo 

(teléfono móvil, GPS, panel de información, microdisplay para un sistema de realidad 

aumentada en un casco, etc.) 

De esta caracterización se obtienen una serie de parámetros que, en última 

instancia, determinan el funcionamiento del material y del LCD: diagrama de histéresis, 

ángulo de inclinación (tilt), escala de grises, tiempos de respuesta, rango dinámico y 

contraste. El diagrama de histéresis y el tilt provienen de una evaluación en régimen 

Figura 2. Montaje para caracterización electro-óptica. 
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cuasi-estático al aplicar una forma de onda triangular a baja frecuencia. El resto 

proviene de una evaluación en régimen dinámico al aplicar una señal a frecuencia de 

video previamente diseñada. Todo el proceso de caracterización se controla mediante un 

software desarrollado en el laboratorio.  

Por otro lado, la existencia de cargas libres en el cristal líquido, que está 

sometido a un campo eléctrico, puede causar diversos fenómenos que pueden afectar 

particularmente a la transmisión de la luz y, en general, al comportamiento del 

dispositivo. Dependiendo de la concentración de iones y su movilidad, efectos como la 

difusión, corrientes de fuga o apantallamiento del campo eléctrico, pueden ser decisivos. 

Dada la pequeña concentración de cargas en estos dispositivos, las medidas de 

corrientes de iones obtenidas son relativamente bajas (de picoamperios a microamperios 

por cm2). Además, estas medidas nos proporcionan información en las distintas escalas 

de tiempo (de milisegundos a horas) (Fig. 3). Para la obtención de las medidas de 

corrientes iónicas  se han empleado equipos que pueden medir bajas corrientes 

eléctricas en un amplio rango de tiempos (Fig. 4). 

De las medidas de corriente se obtienen parámetros como la concentración de 

iones y su movilidad, los cuales determinan qué fenomenología relacionada con el 

transporte de cargas, está prevaleciendo en el dispositivo. 

 

 

Figura 3. Curva obtenida en una medida de corriente. 
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Figura 4. Esquema del montaje para medidas de corriente [1]. 
 

3. Técnicas de alineamiento no convencionales para cristales 
líquidos antiferroeléctricos y ortocónicos 

Una de las líneas principales de este trabajo  es la fabricación y caracterización 

de dispositivos asimétricos de cristal líquido. Se han fabricado varias series de 

dispositivos con distintas capas de alineamiento empleando un material AFLC. 

La asimetría de estos dispositivos AFLC proviene del uso de distintas capas de 

alineamiento depositadas en cada sustrato. Dependiendo del dispositivo, las capas de 

alineamiento pueden ser diferentes materiales o capas del mismo material frotadas en 

distintas direcciones [2]. Como es de esperar, se obtienen respuestas asimétricas tanto 

en la caracterización electro-óptica como en la eléctrica. 

Entre los mecanismos de asimetría, son destacables la polarización espontánea y 

los fenómenos relacionados con iones. En los dispositivos AFLC, debido a la 

estabilización en superficie, la polarización espontánea está relacionada con la 

interacción entre el cristal líquido y las capas de alineamiento. Por lo tanto, está 

directamente relacionada con la fuerza de anclaje. Utilizando las técnicas de 

caracterización mostradas, no se puede distinguir entre los efectos causados por la 
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polarización espontánea y el transporte de cargas. Pero de acuerdo con [3] y [4], las 

células asimétricas llenadas con cristal líquido nemático presentan una respuesta 

asimétrica semejante, aunque los nemáticos no presentan polarización espontánea. Por 

lo tanto, se deduce que la asimetría es causada principalmente por efectos de iones. La 

polarización espontánea es responsable del ensanchamiento o estrechamiento de los 

lóbulos del ciclo de histéresis [5]. Los efectos iónicos incluyen la adsorción de cargas en 

las capas de alineamiento, corrientes de fuga, difusión, apantallamiento del campo 

eléctrico, etc.  

Después de aplicar un campo eléctrico, las cargas inyectadas y las cargas 

presentes en el seno del cristal líquido interactúan entre sí y también entre las capas 

adyacentes a las del LC. Al cambiar la polaridad del campo, el movimiento de estas 

cargas se invierte. Si se tratara de una célula simétrica, las respuestas para ambas 

polarizaciones del campo serían exactamente iguales. Sin embargo, el hecho de que las 

capas depositadas sobre los electrodos son de diferente naturaleza provoca que las 

cargas se comporten de distinta forma para cada polarización del campo eléctrico. 

A través de una caracterización electro-óptica, es posible observar una curva de 

histéresis desplazada (respuesta electro-óptica cuasi-estática) con respecto a 0 V. 

Dependiendo de las capas de alineamiento utilizadas, este desplazamiento será mayor o 

menor en tensión, o se prolonga más o menos en el tiempo. 

Por otro lado, después de una caracterización eléctrica, se detecta que la 

corriente medida (curva I-t) es ligeramente distinta para cada polarización del campo. 

Además, la curva I-V muestra que las pendientes de la rama negativa (V <0) y positiva 

(V> 0) son claramente diferentes. En una célula simétrica ambas pendientes deben ser 

iguales. 

Usando Nylon 6 como capa de alineamiento sobre el electrodo de referencia, las 

capas inductoras de asimetría empleadas son: óxido de silicio (SiOX), slippery surface 

(SLS) y un polímero conductor (PEDOT: PSS). 

Los resultados de las caracterizaciones electro-óptica y eléctrica de los distintos 

dispositivos se resumen en la Tabla 1. 

La presencia de distintas capas de alineamiento implica que cada capa acumula o 

inyecta cargas de diferente manera (adsorción, corrientes de fuga, inyección de huecos, 

etc.) causando el aumento o disminución de la tensión que “ve” el CL. Los iones que 
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viajan de un electrodo a otro a través del CL lo hacen de forma similar para ambas 

polarizaciones. Tan solo en la vecindad de las capas de alineamiento los iones 

interaccionan de diferente manera dependiendo de la naturaleza de cada capa. 

Dependiendo de la cantidad de iones en el seno del CL la movilidad aumenta o 

disminuye facilitando o impidiendo la llegada de las cargas a los electrodos. 

 

 CARACT. E-O CARACT. ELEC. 

DISPOSITIVO +
thV  (V) −

thV  (V) ΔV i  (V) n (m-3) μ (m2V-1s-1) 

SiOX 11.5 15 1.75 8·1022 4·10-10 

SLS 10.0 12.5 1.25 3·1020 10-9 

PEDOT 1 16.0 20.0 2.0 2·1021 5·10-10 

PEDOT 5 12.0 16.0 2.0 2·1021 6·10-11 

PEDOT 10 11.0 16.0 2.5 2·1021 10-9 

Tabla 1. Parámetros resultantes de la caracterización electro-óptica y de las medidas de 
corrientes de los dispositivos fabricados. 

 

El hecho de que las capas de alineamiento inyectan o absorben cargas hace 

aumentar o disminuir el número de iones que viajan de un electrodo a otro (afectando a 

la tensión que está actuando sobre el CL).  

Fijándonos en las respuestas electro-ópticas, las células con SLS y las células 

con una única capa de PEDOT:PSS inducen el desplazamiento más bajo de la curva de 

histéresis frente a los máximos desplazamientos presentados por las células con SiOX y 

diez capas de PEDOT:PSS. 

Las células que usan SLS como capa de alineamiento presentan el más bajo 

contenido en cargas (uno o dos órdenes de magnitud con respecto al resto). Esto implica 

que su movilidad alcanzará el máximo valor. Una alta movilidad implica que se inyecta 

/absorbe un elevado flujo de cargas de/hacia la capa de SLS. 
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Las células con SiOX presentan un elevado desplazamiento (2,5 V) a la vez que 

poseen el mayor valor de concentración de iones. Esto implica posee que sus iones 

muestran una baja movilidad. Por tanto, en estas células, el flujo inyectado/absorbido 

de/hacia la capa de SiOX es bastante bajo. 

Las células que emplean PEDOT:PSS (una, cinco y diez capas) como capa de 

alineamiento se comportan de forma similar entre ellas. El desplazamiento de la curva 

de histéresis aumenta con el número de capas de PEDOT:PSS depositadas. Aunque las 

concentraciones de iones son similares para los tres casos, las movilidades muestran 

alguna diferencia considerable, como es el caso de las células con cinco capas de 

PEDO:PSS en ausencia de ITO. 

En resumen, las distintas proporciones entre los flujos de inyección/absorción de 

iones para las capas de SiOX y Nylon 6 (igual para SLS-Nylon 6 y PEDOT:PSS-Nylon 

6) inducen la respuesta asimétrica. 

Además, existe un argumento a favor de que los efectos iónicos dominen sobre 

la polarización espontánea. Todas las medidas de corriente presentan asimetría y han 

sido obtenidas por debajo de la tensión de conmutación. Por debajo de esta tensión la 

variación de la polarización espontánea es inexistente.  

El cálculo de las concentraciones y movilidades de los iones merece un 

comentario. En todas las medidas se ha observado un régimen transitorio que sucede 

muy rápido y una elevada corriente estacionaria. La ausencia de SiO2 como capa barrera 

incrementa el valor de la corriente eléctrica a altas tensiones. Los cálculos de las 

concentraciones están extraídos de la parte transitoria de la curva de corriente, la cual 

está algo eclipsada por la elevada corriente estacionaria. Ello implica, que los valores 

obtenidos para las concentraciones y movilidad pueden oscilar en un pequeño rango con 

respecto a los que se obtendrían con corrientes estacionarias algo más bajas. 

Es importante resaltar que los dispositivos asimétricos que usan PEDOT:PSS 

como capa de alineamiento son el origen de una nueva línea de investigación en 

dispositivos de CL basados en polímeros conductores. Tras un estudio exhaustivo del 

comportamiento del PEDOT: PSS se concluye que este polímero conductor puede 

trabajar simultáneamente como capa de alineamiento y como electrodo [6], facilitando 

el camino para muchas aplicaciones como los dispositivos flexibles. 
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Por otro lado, con respecto a los AFLCs ortocónicos, se observa que su respuesta 

electro-óptica depende fuertemente de la técnica de frotado utilizada. El frotado paralelo 

no parece ser la mejor técnica para acondicionar las capas de alineamiento (Nylon 6). El 

mejor resultado se obtiene frotando de forma cruzada sobre el mismo substrato (se frota 

primero en una dirección y luego en la dirección perpendicular) mientras que el otro 

substrato no se frota. Frotando los substratos en direcciones perpendiculares, uno 

respecto al otro, se induce una conmutación V-shape. Su comportamiento dinámico es 

similar al de los V-shape esmécticos. 

4. Lentes modales de cristal líquido basadas en polímeros 
conductores 

El uso de CL en elementos ópticos adaptativos y programables ha dado lugar a 

diversos tipos de dispositivos: lentes de CL, moduladores espaciales de luz (SLMs), 

desviadores de haz (beam steerings) y filtros Fabry-Perot de CL. También forman parte 

de algunas configuraciones de pinzas ópticas [7]-[9].  

Las principales ventajas de los dispositivos fotónicos de cristal líquido sobre las 

alternativas mecánicas son su reducido peso, su bajo coste y la ausencia de partes 

móviles. Las lentes de CL son las candidatas idóneas para ser integradas en cualquier 

dispositivo que requiera un pequeño enfoque sintonizable como cámaras de móviles o 

webcams. Las lentes de CL trabajan modificando el índice de refracción del CL de 

manera concéntrica intentando emular la diferencia de fase producida en lentes de vidrio 

normales. Su distancia focal se puede sintonizar desde el infinito hasta cierta distancia 

focal mínima, dependiendo de la birrefringencia del CL, del diámetro de la lente y del 

espesor de la célula. 

En el área de las lentes sintonizables planas, la tecnología de CL aparece como 

dominante. Estas lentes son de índice gradual (GRIN). Induciendo cambios en el índice 

de refracción (reorientación de las moléculas de CL) es posible alcanzar un retardo de 

fase similar al de las lentes de vidrio. Típicamente, la variación del índice de refracción 

se debe a un gradiente de tensión a lo largo del dispositivo [10]. La tecnología existente 

de lentes de CL puede dividirse en dos grandes tipos: lentes segmentadas y lentes 

modales (MLCLs) [11]-[13]. 

En las MLCLs un simple electrodo genera un gradiente de tensión de forma 

radial a través del cual se evitan patrones de electrodos en el área activa. En el presente 
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trabajo, se usan superficies de alta transmisión y a la vez alta resistividad que son 

depositadas por spin-coating. Al mismo tiempo, un proceso de fabricación simple nos 

lleva a la fabricación de dispositivos de bajo coste. 

Basándonos en la configuración descrita en [14], se fabrican MLCLs usando 

polímeros conductores como electrodos de alta resistividad. La estructura de estos 

dispositivos es bastante sencilla y están constituidos por una célula de CL monopíxel. 

De la parte conductora (ITO) se elimina una zona circular mediante fotolitografía. 

Después, una capa conductora de alta resistividad es depositada sobre el substrato 

incluyendo el área sin ITO. Cuando se aplica una señal de tensión alterna a la célula en 

la zona de alta resistividad se genera un gradiente de tensión desde el borde hasta el 

centro de la lente (área circular) de manera concéntrica. Dado un par adecuado de 

valores para la tensión y la frecuencia se puede sintonizar un perfil de índice de 

refracción similar a la variación de fase obtenida con lentes de vidrio (Fig. 5). 

 

Figura 5.  Esquema de una MLCL y la apariencia entre polarizadores cruzados a 45º con
respecto al plano de conmutación. Cada anillo se corresponde con una diferencia de
fase de 2π. 
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Usualmente,  cuando se muestra una configuración de una lente de CL, la 

disposición de las moléculas se ilustra como en la Figura 5. Esta disposición implicaría 

un frotado radial de las capas de alineamiento. En realidad, el frotado ha sido 

antiparalelo, pero al usar luz polarizada el efecto es el mismo. 

Previamente al estudio de estas MLCLs, se ha hecho un exhaustivo análisis de la 

capa de alta resistividad. Se han empleado hasta seis tipos distintos de polímeros 

conductores. Sin embargo, dos de ellos, AedotronTM C-NM y PEDOT:PSS son los que 

han mostrado resultados más satisfactorios. Sus resistividades son de 5 y 17,2 MΩ por 

cuadro, respectivamente. Aparte de la capa de alineamiento, se han fabricado lentes con 

una configuración distinta a la anteriormente mencionada, siendo ambos electrodos 

exactamente iguales. Es decir, en ambas vidrios se elimina un área circular y se deposita 

el polímero conductor sobre ellos. Por tanto, se han fabricado tres series de lentes: unas 

usan AedotronTM C-NM,  otras PEDOT:PSS y las últimas usan también PEDOT:PSS 

sobre ambos vidrios. 

Las MLCLs son capaces de enfocar desde el infinito hasta una distancia focal 

mínima que vendrá determinada por la expresión: 

 
2

2· ·
rF
n d

=
Δ

      (1) 

donde r es el radio de la lente, Δn es la birrefringencia y d el espesor. 

Los diámetros de las lentes fabricadas oscilan entre 3 y 5 mm. El espesor de las 

mismas es de 50 µm, y el cristal líquido utilizado es ZLI-3449-100 (Merck) cuya 

birrefringencia es de 0,1325. 

En la Figura 6 se muestra la formación de anillos a medida que aumenta la 

tensión y la frecuencia. 

Para llevar a cabo la caracterización de estas lentes (Fig.  7), se utiliza un 

analizador de frentes de onda Hartmann-Shack (Optocraft GmbH, Germany), 

consistente en un array de 72 × 59 microlentes cuya focal es de 4,23 mm cada una. A 

dicha distancia se sitúa un video sensor que se encarga de recoger la imagen producida 

por la lente. Este sensor está formado por un array de 1600 × 1200 píxeles de 7,4 × 7,4 

µm2. 
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Este dispositivo está controlado por un software, el cual nos permite no sólo 

capturar el frente de onda deformado; además es capaz de calcular un elevado número 

de parámetros que caracterizan al dispositivo analizado, y analizar por separado las 

diversas aberraciones introducidas. 

 

Figura 7. Montaje diseñado para el análisis del frente de onda de las MLCLs. 

Las  Figuras 8, 9 y 10 muestran los frentes de onda obtenidos para cada tipo de 

lente. Estos frentes de onda han sido corregidos a través de un desarrollo en serie de 

polinomios de Zernike. Cada término de este desarrollo nos informa sobre un tipo de 

aberración presente en nuestra lente. En nuestro caso sólo se han tenido en cuenta 

términos radiales y la aberración esférica no ha sido corregida. 

 (a)      (b)      (c) 

Figura 6. Evolución de una MLCL aumentando la tensión y la frecuencia, entre
polarizadores cruzados: (a) 2,5 V y 13 kHz, (b) 6,5 V y 13 kHz y (c) 15 V y 15 kHz. 
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Figura 8. Frente de onda de una MLCL de 3 mm de diámetro donde se ha usado 
AedotronTM C-NM como electrodo de alta resistividad. La escala de la izquierda muestra 
el retardo en número de longitudes de onda. 

 

 

Figura 9. Frente de onda de una MLCL de 5 mm de diámetro donde se ha usado 
PEDOT:PSS como electrodo de alta resistividad. La escala de la izquierda muestra el 
retardo en número de longitudes de onda. 
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Figura 10. Frente de onda de una MLCL (con idénticos electrodos) de 5 mm de diámetro 
donde se ha usado PEDOT:PSS como electrodo de alta resistividad. La escala de la 
izquierda muestra el retardo en número de longitudes de onda. 

 

En los dos últimos casos las lentes presentan un fenómeno particular consistente 

en que el diámetro de la lente disminuye con la tensión aplicada (Fig. 11). Al aumentar 

la tensión y la frecuencia para encontrar la mínima distancia focal los anillos van 

convergiendo hacia el centro. Si se supera la tensión de conmutación en el borde de la 

lente, el CL que hay dentro de ella (y cercano al borde) comienza a conmutar 

totalmente. De esta forma el diámetro efectivo de la lente disminuye. Esto provoca por 

un lado una disminución de la distancia focal, pues disminuye el radio de la lente, y por 

otro un aumento de luz parásita en la imagen. 

                             (a)                                                                (b)           

Figura 11. MLCL con idénticos electrodos entre polarizadores cruzados a (a) 0 V y 
(b) 40 V y 20 kHz 
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Para determinar totalmente la calidad de estas lentes, es necesario cuantificarla. 

El cálculo de MTF (Modulation Transfer Function) proporciona información respecto a 

su contraste y resolución. Primeramente se obtiene el valor de MTF en función de la 

resolución espacial (medida en pares de línea por milímetro, pl/mm) lo cual da una idea 

de a qué frecuencias espaciales la lente funciona mejor (Fig. 12). 

 

Figura 12. MTF en función de la resolución espacial para una lente que usa AedotronTM 
C-NM como electrodo de alta resistividad. 

 

Aunque comercialmente (cámaras de fotos, telescopios, etc.) se presenta la curva 

de MTF en función de la distancia al centro de la lente para dar información de la 

calidad, en nuestro caso se ha representado la MTF en función del radio de abertura de 

la lente (Fig. 13).  

La variación de MTF a bajas frecuencias espaciales (10 pl/mm) proporciona 

información sobre el contraste de las lentes. A altas frecuencias espaciales (30 pl/mm) 

informa de la resolución. Los valores mostrados en la Figura 13 demuestran que estas 

MLCLs poseen un elevado contraste. En cuanto a la resolución, dependiendo de la 

abertura y de la tensión aplicada se pueden obtener altas resoluciones.  
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Figura 13. Variación de MTF con el radio de abertura para distintas distancias focales y a 
resoluciones espaciales de 10 pl/mm (líneas de puntos) y 30 pl/mm (líneas continuas). 
Cada color representa una distancia focal. 
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2 I. ITRODUCTION 

 

 

In this chapter, liquid crystal technology as such is presented. First of all we 

introduce the different types of liquid crystals and the manufacturing technologies 

related to displays and non display devices. A small introduction to organic conductors, 

employed in this thesis as moderate resistivity conductors and alignment layers, is also 

presented. The chapter concludes with a definition of the goals and the overview of this 

work. 

I.1. RESEARCH TRENDS IN LIQUID CRYSTALS 
In the liquid crystals Workshop held in 2009 "Frontiers in European Research on 

Liquid Crystalline Soft Matter" it was intended to explore the more promising lines of 

research in liquid crystals in Europe for the next years. The main objectives of the 

workshop were to obtain an overview of current innovative European research in the 

field of liquid crystals and to contribute to the definition of a ‘road map’ for focused 

future development of European research on this subject, taking academic as well as 

industrial perspectives into account [1]. None of the identified research lines were 

related to displays. 

The liquid crystal displays (LCDs) monopolize the market of displays, 

competing only in large formats with plasma displays and in small formats with the 

emerging technology of OLED, or in the case of electronic books, with electrophoretic 

technology. However, all research and technological development in LCDs has shifted 

to Far Eastern countries, mainly China and Korea.  

Figure I.1. New contents arising for 3D TV. 
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The display technology can be regarded as a mature technology, and the 

innovation only continues within two technologies: Vertically Aligned Nematics (VAN) 

and In Plane Switching (IPS). Both technologies are competing for the TV market, to 

achieve increased refresh rates, up to 240 Hz, and the new 3D TV market (e.g. 

http://www.samsung.com). 

With the movie Avatar, the attention towards 3D displays has heightened 

globally. Avatar's hit was not only a movie hit but it generated a new trend on 3D video 

industry, being reflected by the 2010 Football World Cup which will partially be 

transmitted in 3D format.  

In the past 3D moving pictures suffered from lack of contents, low 3D picture 

quality and increasing eye fatigue. Today both the cameras, the reproducers (e.g. 

Blueray) the displays and the producers are ready for an exponentially growing 3D 

market. 

 

Table I.1. 3D TV Launching Schedule in 2010 by Maker (source: www.displaybank.com, 
June 2010). 

All bigger TV manufacturers expect to lauch 3D TV during 2010 (Table I.1) and 

the 3D contents production for home use as movies and TV broadcasting (Fig. I.1) 

indicates that the second decade of the millenia will be the first 3D interactive decade. 

Research in liquid crystals (outside China and Korea) has been forced to seek 

other lines and niche markets, but even so the interest in these materials and their 

applications has increased in the last years. Liquid crystals, due to its extraordinary 

physical properties (presenting anisotropy in all their properties), have been the subject 

of intense study and development during the last 40 years. As new materials with new 

properties are developed, a multitude of potential applications appear. In some niche 

markets they have to compete or cooperate with other materials, but in other cases they 

are unique for their peculiar properties. The great advantage of the new lines of work 

http://www.samsung.com/�
http://www.displaybank.com/�
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emerging in liquid crystals is that, the materials are available for production in a short or 

medium term and that the reliability of the materials has been already tested. 

Given the nature and variety of materials that exist and are emerging, it is certain 

that the pace of future applications will grow to include fields as different as biology [2] 

or microwaves [3]. Liquid crystals are ready to be useful for the development of 

numerous interesting applications in the medium and short term in fields as diverse as 

organic electronic devices, optical devices for aerospace and astronomy, and in a 

slightly longer terms medicine.  

New set of work lines are currently being developing; in all cases, these require 

collaboration with disciplines that historically were distant from liquid crystal research 

which increasingly is becoming multidisciplinary. Among the new research lines we 

could highlight the next ones:  

• Microwaves: Use of liquid crystals in microwaves, for reconfigurable 

devices (arrays of antennas, retarders, etc). 

• Optical communications in space, astronomy, spectroscopy. Development of 

optical devices for applications in astronomy and aerospace (filters, beam 

deflectors, flat lenses, etc) [4]. 

• Organic Electronics. Oriented organic electronic devices (OLEDs, organic 

transistors, active matrices, etc.) [5]. 

• Nanotechnology. Interaction of nanoparticles with liquid crystals [6]. 

• Medicine, Biology and Bio-chemistry 

• Document Security. Photoalignment and polymer liquid crystal devices for 

seccurity devices [7], [8]. 

• Adaptive optics (with special relevance in PMD correction in long distance 

optical communications and astronomy). 

• 3D Vision. 3D Vision Systems (not just displays, but systems based on beam 

deflection). 

• Sensors, with particular importance because of its ease integration with 

optical fibers, for the development of distributed sensor systems. 

• Functional materials, for example hydrophobic films or anisotropic 

elastomers [9]. 
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These are just some lines of work, but given the nature and variety of materials 

available now and in the future, it is probable that the span of applications will grow in 

fields as different as those mentioned above. 

In this chapter we will review the materials and the most important technologies 

related to liquid crystal, with special emphasis on those directly related to the topic of 

the thesis: nematic and ferroelectric materials, conductive organic polymers and novel 

electro-optical devices, like flat lenses.   

I.2. LIQUID CRYSTALS 

I.2.1. Liquid crystals materials: definitions and properties 
What is liquid crystal? There are three common states of matter that most people 

know about: solid, liquid, and gas. Liquid crystal is a fourth “state” that certain kinds of 

matter can enter into under the right conditions. The molecules in crystaline solids 

exhibit both positional and orientational order, in other words, the molecules are 

constrained to point only in certain directions and to be only in certain positions with 

respect to each other. In liquids, the molecules do not have any positional or 

orientational order; the direction the molecules point and their positions are random. 

The liquid crystal “phases” exists between the solid and the liquid phase. The 

molecules in liquid crystal possess a certain degree of orientational order and in some 

cases (ferroelectric and antiferroelectric materials) exhibit some kind of positional 

order.  

Liquid crystals are anisotropic. Anisotropy is a property linked to ordered systems like 

solids –and liquid crystals as long as they are ordered fluids. A number of physical 

magnitudes are anisotropic in liquid crystals (Fig. I.2): viscosity, dielectric permittivity, 

magnetic susceptibility, index of refraction, etc. 

Liquid crystals are as a rule macroscopically uniaxial. Uniaxial properties are 

often denoted by the names extraordinary and ordinary for the unequal and the two 

equal elements respectively, or the symbols ║ and ⊥, i.e., parallel and perpendicular to 

the long axis. 

Given an anisotropic magnitude, x, the difference Δx =x║ – x⊥ determines the 

sign of the anisotropy. The liquid crystal is said to be positive or negative for a given 
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property depending on this sign. With a few non-relevant exceptions, all liquid crystal 

mixtures employed in LCDs are magnetically and optically positive, while commercial 

mixtures having positive or negative dielectric anisotropy may be found in different 

applications. 

 

 

Figure I.2. Examples of anisotropy in liquid crystals. Viscosity anisotropy is observed 
when the sample flows through thin tubes. The other anisotropies lead to molecular 
reorientations upon application of fields. 

I.2.2. Nematic phases 
Nematic liquid crystals are aggregates of organic molecules whose ordination is 

determined by an order parameter S of intermediate value between liquids and 

solids. This parameter determines the distribution of the molecules around an average 

direction called the director n, for which there may be some thermal fluctuations, 
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The order parameter can be: 

 
23cos 1
2

S
θ −

=      (2) 

where θ is the deviation angle of the molecules about the director. This is the simplest 

requirement in terms of ordination, and gives rise to the nematic phase. 

If in addition the liquid crystal molecules have chiral carbons, they will present 

optical isomerism and helical rotation in the nematic distribution, resulting in the 

cholesteric phase. Specific molecular placement, gives to the cholesteric phase the 

property of rotating the plane of polarized light (thousands of rd/mm) inducing a 

circular phase delay which causes the reflection of the circularly polarised light 

impinging on a cholesteric liquid crystal. The distance between two molecular planes 

with the same orientation, is in the literature called the pitch or helical pitch, and its 

magnitude determines the spectral range of the reflection.  

This reflection has a maximum at a wavelength equal to the pitch p of the 

material, which can be experimentally calculated to determine precisely the pitch by a 

constant N that represents the average refractive index of the material:  

p Nλ = ⋅      (3) 

I.2.3. Smectic phases 
 As well as an order under certain spatial orientation, if another degree of 

freedom in the position of the molecules is restricted, smectic phases occur, 

characterized by the distribution of molecules in layers. Ideally the molecules adopt 

plane-parallel geometry or Bookshelf, or with some angular orientation with respect to 

the layer normal leading to socalled Chevron structure in surface stabilized structures. 

The disposition of the molecular director attached to each layer within the structure, is 

the origin of the different smectic phases. 

The most commonly obtained smectic LC phases are illustrated in Figure I.3. 

 Tilted versions of a starting phase are characterized by a molecular tilt from the normal 

to the smectic layers, called the half-cone. The chiral version also appears when the 

constituent molecules have optical isomers.  
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Figure I.3. Ferroelectric smectic phases 

 

When the molecule is chiral, successive smectic C layers show a gradual change 

in the direction of tilt, such that the director precesses about the z axis from layer to 

layer, always lying on the surface of a hypothetical cone of angle, as illustrated in 

Figure I.3. The angle around the circle of precession is known as the azimuthal angle. 

This creates a helical structure in the chiral smectic C (SmC*) mesophase with the pitch 

being the distance along the z axis needed to reach the same molecular orientation. 

In addition to producing this helical structure, chirality results in a microscopic 

spontaneous molecular polarization, indicated in blue. This polarization vector is 

perpendicular to the molecule and contained in the layer plane. Therefore, all possible 

directions for the vector are tangent to the circle of intersection of the cone with the 

plane. A bulk SmC* sample, free to develop its helical structure, will not show 

ferroelectric behavior since the spontaneous polarization will average to zero over one 

pitch (since polarization vectors go around an entire circle and cancel each other out). 

This is often referred to as the helielectric phase. 
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Clark and Lagerwall [10] proposed a way to suppress the helix and developed 

the surface stabilized ferroelectric liquid crystal (SSFLC) arrangement shown below 

(Fig. I.4). The helix is constrained by using a cell gap that is less than the helical pitch. 

Interaction forces between the liquid crystal and the bounding plates unwind the 

intrinsic helix. Symmetry arguments show that this boundary condition also causes the 

molecular orientation for each layer to be the same and the material exhibits 

ferroelectric behavior. The director is favored to lie in the plane of the bounding plates. 

 Because of this condition and the fact that the director is constrained to be at a 

certain angle from the normal to the layer (i.e. to lie on the intersection of a cone and the 

bounding plate), there are two stable states. The polarization vector, therefore, must be 

normal to the bounding plates and its two states are in opposite directions. Note that 

both states lie along the cone and are in the plane of the bounding plate. 

Electro-optical effects are achieved by applying an electric field that induces 

changes in the director orientation. Since the polarization vector is coupled to the 

director, it is also switched between the two stable states by the electric field. 

The liquid crystal phase that has been studied more intensively during this thesis 

is the antiferroelectric SmCA* , characterized by a distribution of molecules in layers 

(smectic layers) with an inclination with respect to the director, with angles +θ and -θ 

in alternate layers as shown in the diagram at the Fig. I.4. Moreover, the fact that the 

constituent molecules possess some asymmetric carbons, gives the material a specific 

chirality, giving rise to two helical movements described in parallel in perpendicular 

direction to the smectic layers. 

 

Figure I.4. Molecules disposition in surface stabilized ferroelectric and antiferroelectric 
cells.  
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 The determination of the phase sequence of a certain mixture of liquid crystal 

can be done easily by placing a sample between two glass substrates in a microscope 

between crossed polarizers and subjected to a thermal cycle covering the sequence 

between the isotropic and crystalline phase. Fig. I.5 shows a phase sequence of a 

smectic liquid crystal mixture.  

 

                

Figure I.5. Phase sequence of a liquid crystal mixture obtained mixing fluorinated and 
protonated materials. 

I.3. LIQUID CRYSTAL DISPLAYS TECHNOLOGIES  
The birefringence of the materials and the properties of circular and linear 

birrefringence, can be exploited for the purposes of creating LC devices and flat-panel 

displays. Usually a liquid crystal is placed between two pieces of glass or transparent 

plastic. These plates are manufactured with transparent electrodes, typically made of 

indium tin oxide, that make it possible to apply an electric field across small areas of the 

liquid crystal. Polarizing filters are placed on one or both sides of the glass to polarize 

the light entering and leaving the crystal. The liquid crystal will modify the polarization 

of the light in some way that is dependent on the electric field being applied to it. 

Therefore, it is possible to dynamically create pixels where light will get through and 

pixels where it will not. 

I.3.1. Properties of Liquid crystal displays 
There are many issues that must be addressed when designing and analyzing the 

performance of a flat-panel display.  

I.3.1.1. Switching Voltage 

The first one is the amount of voltage necessary to turn on a pixel in the display. 

There are two common measures: First is simply a threshold voltage, VTH, which is the 

Iso →SmA         SmA →SmC       SmC →SmCA*       SmCA* →Crystal 
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amount of voltage across the pixel that is necessary to produce any response. The other 

is a measure of the slope of the response curve. In general, the steeper the slope, lower 

is the crosstalk between pixels, at least for passive driving. 

I.3.1.2. Switching time 

Another characteristic of displays that must be dealt with is the switching times 

of the pixels. These are commonly written as TON and TOFF, and they correspond to the 

amount of time between application/removal of the voltage and a 90% 

brightness/darkness response. Usually TOFF is slightly larger because after voltage is 

removed, the liquid crystal is merely relaxing back into its off state---no force is being 

applied, unlike when it is being turned on. Switching times depends on the viscosity of 

the LC; fabrication parameters (cell gap, anchoring strength of the aligning layer, 

structure of the device, etc), and temperature (that reduces viscosity when increased) are 

determinant for the switching time.   

I.3.1.3. Contrast 

The contrast of a liquid crystal display is an important issue as well. One way to 

measure it is to find the difference in brightness between an on and off pixel, divided by 

the larger of the two values. A more useful value is the contrast ratio which is simply 

the larger brightness divided by the smaller brightness. LCD designers want this ratio to 

be as large as possible in order to obtain “blacker blacks” and “whiter whites”. In TV 

application, manufacturers advertise contrasts above 150,000. This measurement is only 

 

Figure I.6. Automated Electrooptic characterization setup and example of the results in a 
antiferroelectric cell. The characterization system is based on a polarizing microscope 
(1). The computer controls the waveform generators (2,3 and 4). Sample is placed in a 
hot-stage holder (6) to be controlled in temperature. The optic response is measured with 
a photadetector (5) in the oscilloscope (7) that is also controlled from the computer. 
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a trick: when a dark image is presented, they reduce the brightness of the backlight in 

this area of the display. Anyhow, Real contrast can be above 5,000. In Figure I.6 a 

photograph of the developed characterization setup is showed. 

Unfortunately, the contrast will depend highly on the angle the display is viewed 

from since the effects of the liquid crystal are calibrated to work best on light passing 

through the display perpendicularly. When viewed from an angle, we are not seeing the 

light coming out perpendicular from the liquid crystal, so it is not uncommon to see a 

break down in the contrast. In some cases it is even possible to see a negative image of 

the display. 

In high-end displays as TVs, several techniques are used to reduce to reduce 

(almost to eliminate) the dependence on the viewing angle. 

Figure I.7 shows a picture of the equipment used in our group to measure 

viewing angle dependence. 

I.3.1.4. Adressing method: passive matrix and TFT active matrix  

In addition to these issues of display design, we must also pay attention to the 

method we address the display pixels. In direct addressing, there is a direct connection 

to every element in the display, which gives direct control over the pixels, but it is not 

applicable to large displays where could be thousands or even millions of pixels that 

would require separate connections. The method used in the vast majority of large 

modern displays is multiplexing. In this method, all the pixels are addressed selecting 

rows and columns. The rows are then “addressed” serially by setting all of the column 

voltages separately for each row and then turning on the row voltages in sequence. 

            

Figure I.7. Eldim EZcontrast 169 R. The equipment is able to measure viewing angle 
dependence in both, transmisive and reflective modes. 
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There are significantly less physical connections that must be made when multiplexing 

is used, but there are also several new problems to address. If there are N rows, as we 

cycle through them, the pixels in one row will only be receiving the necessary voltage 

1/N of the time. When other rows are being addressed, these pixels will be receiving 

smaller voltages originating only from their column electrodes. Therefore, the pixels 

never really receive full on or off voltages---they are always somewhere in between, and 

depending on how close together they are, the contrast of the display could be very low.  

To avoid this problem active matrices where introduced. In this case rows and 

columns are over the same plate. In each pixel a thin film transistor (TFT) and a 

capacitor is grown. When a row is selected, all the transistors of this row “open their 

gates” and the corresponding voltage is stored in the capacitor through the 

corresponding column. The stored voltage remains (and switch the pixel) until a new 

refreshment of the row is required. The opposite plate has a plain electrode that operates 

as a counter electrode. 

I.3.2. Twisted Nematic LCDs 
The most common type of LCD display in low-end applications is the twisted 

nematic display (Fig. I.8). In this display, the liquid crystal molecules lie parallel to the 

 

 

Figure I.8. Behaviour of a twisted nematic cell without and with applied voltage. 
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glass plates (homogeneous alignment) , and the glass is specially treated so that the 

director of the crystal is forced to point a particular direction in one of the plates and 

perpendicular to that direction in the other plate. This forces the director to twist 

by 90º from the back to the front of the display, forming a helical structure similar to 

chiral nematic liquid crystals. In fact, some chiral nematic crystal is added to make sure 

that the twist is the same all along the cell surface.  

Now, this thin film of twisted nematic liquid crystal is circularly birefringent. 

When linearly polarized light passes through, the optical activity of the material causes 

the polarization of the light to rotate by a certain angle. The thickness of the film, 

typically around 6 or 8 micrometers, can be controlled to produce a rotation of the 

polarization of exactly 90º for visible light. Therefore, when the film is placed between 

crossed polarizers, this arrangement allows light to pass through. However, when an 

electric field is applied to a pixel, the director aligns with the field. The pixel will lose 

its twisted structure and, consequently, its circular birefringence. Therefore, linearly-

polarized light entering the crystal will not have its polarization rotated (in fact, it is 

only rotated very slightly), so light will not be able to go through the other polarizer. 

When the field is turned off, the crystal will relax back into its twisted structure and 

light will again be able to pass through. In some displays, the polarizers are parallel to 

each other, thus reversing the on and off states. If red, green, and blue colored filters are 

used on groups of 3 pixels, color displays can be created. 

The twisted nematic system coupled with multiplexed addressing is used in many of 

today's so-called passive matrix LCDs. The TN have a number of disadvantages:  

• The effective viewing angle of the display can be very small because the optical 

activity and the polarizers are tuned to work best only on light that is 

propagating perpendicular to the display.  

• The voltage-brightness response curve is often not very sharp, leading to 

reduced contrast. The display is also affected by crosstalk where voltage meant 

for a certain pixel can leak through ``sneak paths'' to nearby pixels, causing a 

ghosting effect.  

• Switching speed of the liquid crystal is often not as high as might be desired---

typically around tens of milliseconds.  
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I.3.3. Super-twisted nematic LCDs 
Twisted nematic displays rotate the director of the liquid crystal by 90º, 

but super-twisted nematic displays employ up to a 270º rotation. This extra rotation 

gives the display a much steeper voltage-brightness response curve and also widens the 

angle at which the display can be viewed before losing much contrast. With the sharper 

response, it is possible to achieve higher contrast with the same voltage selection ratio. 

Therefore, the degree to which multiplexing is possible is greatly increased. The largest 

common super-twist displays have up to 500 rows. 

Main problem of these devices is the color shift with the viewing angle.  

I.3.4. Vertical aligned nematics (VAN) displays 
Two different untwisted modes can be induced in a nematic LC cell. The 

homogeneous mode is the most simple and one of the oldest ways of making a LC cell. 

The molecules in the LC layer are aligned parallel to the substrates and make an angle 

of 45º with respect to the optical axis of the polarizer. The counterpart of the 

homogeneous cell is the homeotropic cell also called Vertically Aligned Nematic 

(VAN) cell, or Deformation of Aligned Phase (DAP).  The initial orientation is now 

perpendicular to the substrates with a small pretilt which will be mentioned latter on. 

VAN liquid crystal displays with negative dielectric anisotropy have become popular in 

direct-view display applications [11]. These materials working in reflective mode are 

also one of the most common choices for high-end projection microdisplays in 

projection devices [12], where VANs are usually driven by an active matrix silicon 

backplane (liquid crystal on silicon, LCOS). 

A negative dielectric anisotropy is the main characteristic of VAN materials, 

which means that LC molecules will be oriented perpendicularly to any applied electric 

field above threshold. If the induced alignment were strictly vertical, the LC molecular 

reorientation in an electric field perpendicular to the cell’s outer plates would be 

undetermined since any position within the plane normal to the field would be 

energetically equivalent. Moreover, the response time could be dramatically worsened 

because the electric torque is null for pure vertical alignment. These issues are 

customarily solved by the induction of a certain pretilt angle in the vertical orientation 

[13], favoring a specific switching plane and speeding up the switching time. 

Nevertheless, inducing a pretilt has also a drawback: due to the molecules inclination 



16 I. ITRODUCTION 

 

 

the relaxed state becomes birefringent and the contrast decays drastically as pretilt 

increases. Therefore, the correct and precise choice of pretilt angle is a trade-off when 

designing actual LCOS VAN devices. It follows that accurate measurement of pretilt in 

actual working devices –and their spatial homogeneity across the cell– is extremely 

important. With this objective of accurately measuring the pretilt angle, several 

techniques have been proposed and applied [14]-[16] such as the magnetic null method, 

the crystal rotation technique, the polarizer rotation method, and the phase retardation 

measurement method. All of them are accurate and reliable for pretilt angle 

measurements in transmissive mode (Fig. I.9).  

 
Figure I.9. Developed experimental setup for measuring pretilt angle in VAN, for 
transmissive and reflective cells. In the figure a transmisive cell is being measured. 

However, measuring the pretilt angle in reflective VAN cells like LCOS is a 

more complex task. The problem is that the birefringence measured at normal incidence 

is proportional both to the effective birefringence and to the cell thickness. In our group 

a simple and straightforward method has been developed in order to accurately measure 

the pretilt angle and the cell gap in LCOS VAN [17].  

To improve the viewing angle, some structures have been proposed. The most 

used is called “Patterned Vertical Alignment (PVA) Mode” (the name could vary 

depending on the manufacturer) (Fig. I.10). In this structure, the electrodes have an 

asymmetric pattern which aim is to achieve switching in different directions within each 

pixel. 
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Figure I.10. Patterned vertical alignment scheme and micro-photograph of few pixels of a 
TV display. 

I.3.5. In Plain Switching (IPS) Displays 
The IPS (in plane switching) concept was first introduced by Soref in 1973 [18], 

[19]. In 1992, Kiefer et al. extended its operation principles to display devices [20]. In 

1995, Oh-e and Kondo from Hitachi applied the IPS mode to TFT-LCDs [14] to 

improve on the poor viewing angle and the poor color reproduction of TN panels at that 

time. Figure I.11 shows a typical IPS-LCD structure, where the LC molecules are 

aligned homogeneously and the striped electrodes are lying in the same plane.  

 

 
Figure I.11. In plane switching LCD cell. 
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The top substrate has a rubbed polyimide alignment layer, but no electrode. The 

transmission axis of the polarizer is parallel to the LC alignment direction. In the 

voltage-off state, the incident light is completely blocked by the crossed analyzer, 

resulting in a normally black mode. When the voltage is applied, the electric field is in 

the transversal direction, which is different from the conventional TN cell where the 

applied electric field is in the longitudinal direction. When the applied voltage exceeds a 

threshold (Vth), the LC molecules in between the neighboring electrodes would be 

rotated in the same plane. This overcomes the narrow viewing angle problem caused by 

the different polar component of the LCD directors. Because of the in-plane molecular 

reorientation, the IPS-LCD exhibits an inherently wide viewing angle [15]. Both 

homogeneously aligned LCs and vertically aligned LCs can be used for the IPS mode 

[21], [22].  

Because of the birefringence effect, color shift is another important concern for 

LCD TVs. Due to the phase retardation difference at oblique incident angles, color shift 

is evident when the LC molecules are unidirectionally oriented among the interdigitated 

electrodes.   

The chief advantage of displays utilizing in-plane switching is that the display 

works well when viewed from an angle: In a twisted nematic display, the rotation of the 

linearly polarized light by 90º in the off state, which is necessary for the display to be 

truly dark, is achieved only for light traveling perpendicular to the glass. When the 

viewing angle moves away from this direction, the rotation of the light decreases from 

90º, and the sate becomes less and less dark. This reduces the contras and causes color 

changes. When IPS is employed, the off state is truly dark regardless of the angle at 

which the light strikes the glass. IPS displays still show some variation depending on 

whether the viewing angle is from the top of bottom as opposed to the side. This 

problem is solved by fabricating the electrodes for different pixels so that the electric 

field points in more than one direction while remaining parallel to the glass. This 

smooths out the variation and produces a display that can be viewed form almost any 

angle with no degradation in contrast or color. No longer does the liquid crystal in a 

display have to be a single domain in which the director configuration is the same 

everywhere. Fabricating the electrodes at different angles, even allowing them to be 

three-dimensional in some cases, achieves significant improvements in these 

multidomain LCDs [16]. 
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The original IPS technology became a foundation for several improvements: 

Super-IPS (S-IPS), Advanced S-IPS, e-IPS or H-IPS.  

SUPER IPS 

To suppress color shift of the IPS mode, Aratani et al. from Hitachi proposed the 

chevron or zigzag-shaped electrodes in a multidomain structure [23]-[25], which is 

often referred to as the Super-IPS mode. Each pixel is divided into two domains 

corresponding to the bending direction of the zigzag electrodes, and the LC molecules 

are oriented in the opposite directions. In such a two-domain structure, the color shift is 

minimized internally in every pixel.  

 

 
Figure I.12. Examples of two different super IPS displaysPicture on left corresponds to a 
loewe TV and the right one to a mackintosh monitor. 

 

ADVANCED IPS 

The in-plane switching (IPS) mode has been known as an excellent technology 

for realizing a wide viewing angle for LCD-TV, but it has the drawback of a low 

aperture ratio. An advanced super-IPS (AS-IPS) structure with an organic insulator 

layer was invented to achieve a high aperture ratio with increasing manufacturing cost. 

In [26] a simple method of analyzing the optimum thickness of the organic insulator 

layer for AS-IPS is proposed. They derived the capacitive coupling ratio (CCR) of the 

IPS cell and analyzed the delay time of the AS-IPS panel to quantify the crosstalk 

properties.  
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e-IPS 

During 2009 LG.Display began to develop a new generation of e-IPS panels. 

They simplified the subpixels structure in comparison with S-IPS and increased the 

transparency of the matrix. In doing so, they have managed to reduce production costs 

significantly, aiming to compete with the low cost TN Film panels and Samsung’s new 

cPVA generation. Because transparency is increased, they are able to reduce backlight 

intensity as less light is needed to achieve the same luminance now. This helps keep 

costs down significantly compared with S-IPS. 

 [http://www.tftcentral.co.uk/articles/panel_technologies.htm. September 2009] 

H-IPS 

In the most recent generations of S-IPS panel, LG.Display has altered the pixel 

layout giving rise to Horizontal-IPS (H-IPS) panels. In simple terms, the manufacturer 

has reportedly reduced the electrode width to reduce light leakage, and this has in turn 

created a new pixel structure. Some users find a difference in text appearance as well 

relating to this new pixel structure but text remains clear and sharp.  

The IPS technology has been applied not only to the flat panel field but also to 

the non-display devices fabrication as phase grating fabrication [27]. 

I.3.6. LCOS Technology 
In Figure I.13 a cross-sectional view of a pixel in a generic LCOS device is 

shown. At the bottom is the silicon substrate, with its characteristic alternation of metal 

and insulator layers forming the 

circuit.  

A typical but very basic 

configuration is shown: a transistor 

and a storage capacitor. Also shown 

is a layer that is normally not 

present in an IC: a light blocking 

layer. It is a crucial part of the 

device, but must not necessarily be 

implemented as suggested in the 

drawing. The top layer of the IC is 
Figure I.13. Cross sectional view of a generic 
LCOS device. 

http://www.tftcentral.co.uk/articles/panel_technologies.htm�
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the pixel mirror. 

On top of the pixel the LC is found. Most commonly it introduces selective 

phase retardations between different polarization directions of the light passing through 

it, making it possible to modulate the light flux.  

The desired orientation of the LC molecules is obtained through two very thin 

alignment layers at both sides of the liquid crystal. The distance between the silicon 

substrate and the glass that covers it is maintained with spacers, usually tiny spheres or 

rods. The cover glass itself is coated with a uniform conducting layer, indium-tinoxide 

(ITO) that serves as common electrode for all pixels.  

All LCOS devices use active matrix addressing, which means that for each pixel 

there is a non-linear element in the driving circuitry; the pixel can thus be addressed 

individually and independently.  

This LCOS technology is commonly used in microdisplays fabrication [28]. 

LCOS microdisplays are among the enabling technologies for compact high-resolution 

imaging systems. There are two important groups of applications. The first group 

comprises near-to-the-eye (NTE) systems, such as camera viewfinders, virtual reality 

goggles, and personal viewers. The second group of applications is formed by the 

proyection systems, such as presentation beamers, rear projection large-screen TV sets, 

home-cinema front projection system and head-up display system for vehicles.  

 LCOS also employed in the development of spatial light modulators [29],[30]. 

These devices use nematic and chiral smectic LC electrooptic materials in direct contact 

with silicon integrated circuits, which may contain photodetectors, amplifiers, and 

memory elements.  

I.4. NON DISPLAY APPLICATIONS OF LIQUID CRYSTALS 
As previously said, one of the most interesting research line in non display 

applications is the design and construction of adaptive photonic devices. These devices 

have special relevance in astronomy and space applications. Among the numerous 

devices that have been proposed, the most promising in a short time, related to liquid 

crystals, are beam steering devices, optical lenses and tuneable filters. 
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Beam steering devices have numerous applications. One of them is 

overshadowing all, i.e. the steering of a collimated laser beam, in order to establish a 

communication line, between satellites, or between satellite and earth.  

Optical lenses correspond to a flat focusing device apt for focusing and sensing.  

Tunable filters could have applications in spectral analysis of any light source or 

in filtering of multiple wavelength communication channels. 

In the next sections we will review the three applications separately although 

some devices could be employed in more than one application. Specifically the spatial 

light modulators (SLM) could be used both for beam steering and for focusing.  

I.4.1. 1D and 2D beam steerings 
Three generic 3-D optical technologies for beam steering are commercially 

available today: micro electro mechanical systems (MEMS, or “micro mirrors”) 

[www.dlp.com], deformable mirrors [www.OkoTech.com] and LCOS spatial light 

modulators (SLMs) [www.holoehe.com or http://bnonlinear.com/]. All are well suited 

to the design and fabrication of large-capacity 3-D optical space switches in optical 

communications, requiring 2-D high-resolution beam-steering matrices. However, they 

are based on two different principles to route the light paths: beam steering by a 

micromirror and beam diffraction by a pixelated LC SLM, one of the most flexible and 

efficient techniques to implement programmable digital holograms. Either technique has 

its own advantages: Micro mirror arrays have low loss and are intrinsically polarization 

and wavelength insensitive. In contrast, LC SLMs (or LC digital hologram, LCDH) 

operate with no moving part and can be configured for a wide range of switching 

topologies. This property is due to the large available spatial bandwidth (in two 

dimensions) of digital holograms, which can be used not only to steer or route the 

optical signals, but also to provide additional functions, such as an adaptive wavefront 

correction [31].  

Let us take a look to the available technologies for beam steering 

I.4.1.1. MEMs 

The acronym MEM includes a wide variety of micromechanic devices, some of 

which with applications within photonics. Amongst the latter, also known as deformable 

mirrors (DM) we may emphasize the followings:  

http://www.dlp.com/�
http://www.okotech.com/�
http://www.holoehe.com/�
http://bnonlinear.com/�
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DLP (Digital Light Processor)  

The DLP consists of an array of individual micro mirrors (Fig. I.14). Each 

mirror is mounted on a hinge and actuated, tilted, by individual actuator. The original 

DLP is patented, manufactured and marketed by Texas Instruments (USA), as 

proprietary technology. The DLP has been developed with applications such as digital 

cinema in mind. They don’t possess any intrinsic analogue response, grey scale, as the 

mirrors are either on or off (in image applications the grey scales are generated using 

temporal dithering, or pulse width modulation). The Texas Instruments DLPs do present 

a high mirror density, but the lack of grey scales makes it only possible to generate 

binary gratings, which leads to a reduced diffraction efficiency. 

 

 

Figure I.14. The DLP, moving mirrors. Produced bya Texas Instruments Inc. 

 

Grating Light Valve (GLV)  

From Silicon Light Machines is similar to that of Texas Instruments, yet their 

micromirrors can show grey levels (Fig. I.15). The GLVs are yet to be produced as 2D 

arrays which are needed for a 3D steering of the beam. The physical size of the GLVs 

complicates a design of cascaded devices.  

 
Figure I.15. GLV are built using IC fabrication technology. 
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The two previous devices have a number of positive features: Being adaptable 

mirrors they have very low losses (reflectivity generally higher than 90%) and low 

degree of absorption, meaning that the mirrors are practically insensitive to the amount 

of incident light. Besides that, as modulators they are very fast (compared to the LC 

SLMs) and can be updated with frequencies of several kHz.  

On the other hand, they have one big disadvantage that complicates their 

implementation in flexible beam steering: the low density of the actuators combined 

with a limited stroke (<8μm) [32]. This combined with the fact that both PDMs and 

MMDMs work with continuous surfaces, means that phase wrapping, as discussed 

below is not possible, and thus the deflection angle becomes severely limited.  

I.4.1.2. LC SLMs 

In contrast to the deformable mirrors (DMs), an SLM is highly pixelated and 

thus capable of introducing changes in phase with a high spatial resolution. Although 

the phase range of any individual pixel is approximately 2π, using phase-wrapping 

techniques the overall phase-change to a wavefront of many times 2π is possible, 

limited only by the number of pixels in the SLM. An SLM used in this way acts as a 

diffractive optical element where the desired phase change occurs mainly in the first 

diffraction order (Fig. I.16). Consequently, an SLM has an effective stroke of many tens 

of wavelengths, with the potential for phase discontinuities. 

  

 
Figure I.16. Scheme of a multi-step phase-grating. P corresponds to the Pixel Pitch, iP to 
the InterPixel, D to the “Prism Pitch”and  φ to the Steering angle.  
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However, the SLM is slower to update than a DMs (standard twisted SLMs have a 

refresh rate of approximately 30 Hz. Ferroelectric SLMs have a higher refresh rate than 

twisted nematic SLMs, but with lower diffraction efficiency, see below).  

Being a diffractive element the efficiency of guidance depends on the applied 

pattern. The worst case scenario corresponds to a simple binary phase grating where 

only 40% of the energy is guided towards the first (positive) order of diffraction. 

Changing the pattern to a 5 step sawtooth pattern increases this number in theory to 

more that 87%. In this number (derived from the efficiency equation  
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π
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π
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     (4) 

where we are assuming a 2π retardation device, and q represents the number of steps in 

the pattern) we have ignored any loss originating in the interpixel space.  

LCOS SLMs 

Existing commercial implementation of LC-SLMs are LCOS SLMs (Fig. I.17), 

which use a LCOS backplane taken directly from the display manufacturing. The pitch 

of high end devices is in the order of 8μm with fill factors of approximately 97% 

(www.holoeye.com).  

 

 

Figure I.17. Structure of the BNS LCoS 1D SLM. The dielectric mirror placed between the 
electrodes and the LC is not shown. 

 

http://www.holoeye.com/�
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Like in other LCoS, the device is a compact package in which the LC is situated 

directly on top of a VLSI (Very-large-scale integration) silicon chip which may 

jeopardize the radiation stability of the device.  

The performance of a LCOS-SLM can deviate significantly from the theoretical. 

Several factors may be the origin of this: 

• The choice of LC material, leading to an increased inter-pixel crosstalk (fringe 

effect), caused by the use of a relatively thick (7 μm) LC layer [33] 

• The ratio between interpixel space and pixel size.  

• Limited number of grey levels caused by the low resolution of the electronics 

exciting the LC (8-bit) 

Ferroelectric devices are discarded a priori, due to the inexistence of analogue 

phase levels (in typical configurations), which means that the diffraction efficiency will 

be similar to that of a binary phase grating which is inadequate.  

Antiferroelectric LCs (AFLCs) do show grey scales, but this primarily is due to 

heterogeneous switching. The way to employ AFLCs is to use the subclass of 

orthoconic AFLCs (oAFLCs) which switch between two orthogonal states, and thus it 

becomes possible to introduce a phase difference by changing the ratio between the two 

switching states. The current status of oAFLCs is that the fast switching speed that 

otherwise characterises the smectic liquid crystals is compromised. Furthermore, 

working LC devices of this kind have to be exceedingly thin and thus rarely the 

retardation exceeds π in visible light, and thus it becomes necessary to cascade two 

reflective devices. A solution to the switching speed of the oAFLCs would be to 

increase the operating temperature to approximately 50ºC.  

I.4.1.3. LC prisms 

A liquid crystal prism consists of a liquid crystal cell, where the behaviour of the 

liquid crystal has been confined in a way that it under some conditions will behave as a 

prism. The most simple of these is an actually prism shaped liquid crystal, where the 

thickness of the LC varies since the substrates are mounted at an angle. While this 

simple approach is appealing, then the actual steering using wedge shaped LC cells is 

rather limited. For an LC device that must be able to work at 50Hz a practical limit for 

cell thickness is approximately 30µm. Even ignoring any minimum cell thickness this 
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gives a wedge angle of maximum tan-1(30μm/5mm) = 0.35º for a 5mm beam. Varying 

any refractive index in such a slim wedge will have very little effect on steering 

direction. Thus, in order to obtain a larger deviation it becomes necessary to introduce 

the wedge shape within the structure, as successfully done by Park and Khoo, 2006. 

Park and Khoo introduced a polymer wedge inside a 20 μm device using a photo-

curable polymer. They achieved a wedge-angle of 5º in a physical area big enough to 

deflect a 200 µm2 large beam 1º. Tempting as it seems, one has to realise the difficulties 

in scaling this result up to the bigger sizes.  

I.4.2. Liquid Crystal Tuneable Filters 
Tunable filters can be made from a number of different technologies. In wireless 

communications for space applications, liquid crystal tuneable filters have a clear 

advantage from the lack of movable parts. We enclose below a short introduction about 

optical passband filters, followed by additional considerations on tunable filters.  

I.4.2.1. Optical passband filters  

Optical passband filters are devices able to select one or more wavelengths 

within the UV-Vis-IR spectrum rejecting the remaining spectral components. These 

filters are characterized by the width (FWHM) of their spectral band. If the filter allows 

transmission of several bands, as in interference or birefringence filters, the free spectral 

range (FSR), or spectral distance between adjacent peaks, is of utmost importance. It is 

common to use the quotient FSR/width, called finesse, as a figure of merit of the filter. 

I.4.2.2. Birefringent filters 

Birefringent filters are made of combinations of birefringent materials and 

polarizers. Two main kinds of birefringent filters exist. The Lyot type [34] consists of a 

pile of birefringent slabs sandwiched between parallel polarizers; the thickness of each 

slab is twice the thickness of the previous one. The effect of this is to cancel out the odd 

transmission peaks of the transmission spectrum on every step, thus increasing the filter 

finesse. 

The Solc filter piles up several slices of birefringent material with different 

predetermined orientations. The whole set of slices is surrounded by a single pair of 
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polarizers. Solc filters, like Lyot filters, come in different “flavors” –fanned Solc, Lyot-

Ohmann, etc.  

I.4.2.3. Interference filters: Fabry-Pérot filters 

There are several types of interference filters as well. The most interesting for a 

number of applications including those of this project are Fabry-Pérot (FP) filters. FP 

filters are made of two parallel reflective surfaces located very close to each other. The 

filter properties are determined by the distance d, or thickness, and by the reflectivity R 

of the surfaces. The ideal transmission spectrum is a periodic function consisting of 

narrow transmission peaks separated by broad bands with strong rejection. Assuming an 

FP filter without losses, the transmission is  
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It is worth mentioning that FSR 

and bandwidth can be separately 

controlled. Indeed, for a given 

wavelength, the first is solely a function 

of the filter thickness, whereas the 

bandwidth is a function of the 

reflectivity of the surfaces.  

The filter finesse, defined above 

as the ratio between FSR and bandwidth, 

is affected by the cavity losses, which ultimately determine the upper limit of 

performance. Optical losses, therefore, must be thoroughly minimized in high finesse 

filters. In an ideal situation, finesse can be expressed in terms of reflectivity as well,  
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Figure I.18. Spectral output of a Fabry-Perot 



LIQUID CRYSTAL PHOTONIC DEVICES BASED ON CONDUCTIVE POLYMERS 29
 

where FWHM is the full width at half maximum of the transmission peaks. Figure I.18 

shows the so-called Airy functions, depicting the optical output of different FP filters as 

a function of the reflectivity. The concepts of FSR and FWHM are clearly apparent in 

the graph. 

I.4.2.4. Fabry-Perot Tunable filters  

Both kinds of optical passband 

filters can be made tunable. Birefringent 

filters can be tuned up by modifying their 

birefringence. Fabry-Perot filters can be 

tuned up by modifying the optical path 

length of the cavity (Fig. I.19), what is 

achieved by modifying any of the 

parameters included in the definition of δ, 

i.e. the effective refractive index of the 

medium, the filter thickness, and the 

beam incident angle. This range of 

possibilities, however, is effectively reduced to refractive index variations if filters with 

no movable parts are desired.  

Liquid crystals are good candidates as birefringent media for tunable filters. 

Their main advantages are their huge birefringence, compared to other solid electrooptic 

materials like lithium niobate, and their operation at low voltage. Nevertheless LCs also 

show some drawbacks, chiefly high temperature dependence and a somewhat modest 

response time (ms). 

Other alternatives are not free from drawbacks either. Piezoelectric materials 

may modify the distance between the plates. However, piezoelectric devices have a 

relatively narrow operating temperature range, and have problems in temporal stability 

and hysteresis. The voltage and thermal requirements of the piezoelectric devices 

impose difficult and labor-intensive manufacturing and assembly operations, adding 

cost to the devices and making them less reliable [35]. Other interferometers have 

employed silicon MEMS technology to control the separation between the plates [35]. 

This type of device typically has difficulty maintaining the necessary tight tolerance on 

the parallel orientation of the plates. Doing so is complex and expensive. The NASA 

 

Figure I.19. Tunable Fabry-Perot filter. In 
this example, the distance between plates 
is modified. 
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Langley Research Center has developed Fabry-Perot filters based on MEMS, but using 

soft polymer material instead, hereby reducing the needed voltages and making the 

filters more space application compatible [35]. 

I.4.2.5. Multiple slab tunable filters 

Fine-tune adjustment of multiple slabs may result cumbersome and unreliable; 

consequently, the number of slabs ought to be minimized. This fact points to FP filters 

as the best alternative in principle. An LC birefringent tunable optical filter would 

include multiple liquid crystal variable retarders, fixed retarders and polarizers all 

protected in a temperature-controlled housing. Temperature control is important since 

the birefringence of the liquid crystal variable retarders is a function of temperature as 

well as voltage. For this reason, the entire assembly is temperature-controlled, so that 

ambient conditions do not affect calibration or switching speed. Each liquid crystal cell 

that goes into the tunable filter has to be made highly uniform in retardation in order to 

achieve the best uniformity of color across the clear aperture. On the other hand, tunable 

filters based either on Solc or on Lyot configurations can simultaneously accommodate 

an extremely narrow bandwidth and a wide field of view. The NASA Langley Research 

Center has developed large aperture Solc prisms with LC filled cavity [35]. 

I.4.2.6. Commercial LC filters 

Tunable LC Fabry-Perot filters are commercially available (Scientific Solutions 

Inc.) as well. In order to increase their finesse, these filters are made by some stacked 

Fabry-Perot etalons, typically two. The first one is a thick resolving etalon, defining the 

width of the peak; the second is a thin suppression etalon, increasing the spacing 

between the transmitted peaks i.e. the free spectral range. The dynamic response time of 

these filters is not disclosed, but the documentation includes examples of LC devices as 

thick as 30 μm. Such thick devices will have response times in order of 10´s or perhaps 

even 100´s of milliseconds. 

Another commercial supplier, Meadowlark (www.meadowlark.com), has opted 

for Lyot Stages and Solc Stages as their choice of technology. This technology has the 

advantage over the Fabry-Perot that the FSR can be increased by exploiting the 

wavelength dispersion in the refractive index of the liquid crystal so that the relationship 

between the transmission peaks is not fully linear with the variation in frequency (1/λ) 
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of the light. However the use of multiple polarizers limit the transmission that one can 

achieve with these kinds of filters.  

I.4.3. Liquid Crystal Adaptive Lenses 

I.4.3.1. Introduction 

A tunable lens is a lens were the focal distance can be adjusted. There are two 

ways to modify focal distance; modifying the 3-D profile of the lens (as in the case of 

fluidic adaptive lenses) or modifying the refraction index profile inside the lens: this is 

the approach of liquid crystal lenses (Fig. I.20). 

 

 
Figure I.20. The principle of a LC lens. The birefringence of the LC makes it possible to 
make plane lenses. 

 

Liquid crystal lenses work by changing the refractive index in a concentric 

manner, in order to emulate the phase difference generated with ordinary lenses.  

The focal length of a transparent LC cell can be cast as  

 
2rF π

ϕ λ
=
Δ ⋅

     (8) 

where r is the radius of the lens, Δφ is the retardation difference between the centre and 

the edge of the lens and λ is the wavelength of light, which corresponds to a focal 

distance of 1.4 m for a lens with moderate specifications (birefringence Δn = 0.3, 

thickness d = 10 µm and radius r = 5 mm). 

As a rule liquid crystal lenses will work for one polarization only, hence any 

application would need two cascaded lenses, in order to focus non-linearly polarized 

light. The exception to this is the polymer dispersed liquid crystals devices, but these 

devices have higher switching voltages (often exceeding 100V) than more conventional 
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devices which make them less attractive for most applications, furthermore the 

difference in phase that can be achieved in such systems is reduced.  

Liquid crystal technology appears to be absolutely dominant in the field of 

millimeter sized tunable lenses. A few reports on other techniques exist for example 

tunable fluidic lenses, where the curvature of the lens can be adjusted by applying a 

hydrostatic pressure e.g. [37], to a flexible membrane cell. These lenses are reported to 

be higher quality than LC-lenses but they must be considered to be merely 

experimental, the same conclusion is reached for polyelectrolyte gel lenses and for one 

of the LC technologies i.e. optically addressable liquid crystal SLMs. 

In the next points we will show main technologies of adaptive lenses focusing in 

LC lenses. 

I.4.3.2. Electrowetting Liquid Lenses 

Electrowetting is a technology based on combining two immiscible liquids, one 

of which is a conductor. The principle behind the electrowetting lenses is concisely 

described in [37], and is discussed in detail in [38].  

The principle behind the electrowetting lens is the electrostatic reshaping of a 

conducting (saline) solution in a chamber where it is mixed non-conducting (aliphatic) 

solution (Fig. I.21). The two solutions are fabricated with a similar density so that 

gravity and accelerations have a minimal effect on the shape of the solution interface. 

Furthermore the solutions are doped in order to maximize the difference in refractive 

indices. 

  

 
Figure I.21. The principle behind electrowetting. 
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The chamber walls and top are coated with a hydrophobic surfactant so that the 

cell in a relaxed state will create an almost hemispheric interface in order to minimize 

the surface energy when no field is applied between the chamber walls and chamber 

bottom. Applying an electric field between the walls and the base of the chamber the 

electrostatic field will deform the lens profile. A 3 mm-diameter lens, reacts in roughly 

7 ms (some damping algorithms have to be applied) and have a can be tuned to between 

−100 and +50 diopters. The reset time of the lens is proportional to the diameter3/2 of 

the device [37], and thus one can expect response time of 5mm device to be in the order 

of 10 ms. 

The major disadvantage in these kinds of cells is the elevated voltages needed. 

2 to 300V will be necessary to direct a 5mm cell. As with any new technology the 

lifetime of these devices may not be adequate for space applications. The degradation is 

a result of partial adsorption of liquid molecules on the cell boundaries.  

I.4.3.3. Liquid Lenses (Deformable Lenses) 

There are several designs of liquid lenses. They are “inspired” by animal eyes, 

crystalline lenses that can be deformed by muscles to adjust their focal length. 

There are two kinds of approaches. In the first one a polymeric membrane is 

placed in the front part of a chamber [40]-[42]. When the liquid is in the chamber is 

subjected to a certain hydrostatic pressure the membrane deforms creating a lens (Fig. 

I.22).  

 

 

Figure I.22. Side view of the liquid lens cell: (a) without and (b) with convex lens profile. 
1-annular sealing ring, 2-rubber membrane, 3-glass plate, 4-elastic membrane, 5-liquid, 
and 6-a hole. 

 

This method allows obtaining high diameter lenses with a large variation of the 

focal adjustment. Moreover, for the same pressure using liquids with different refractive 
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indexes different focal lengths can be obtained, Fresnel reflections are avoided by 

matching the liquid refractive index to that of the membrane. 

In this kind of lenses several problem arises. First is to adjust the profile to a 

spherical lens; typically the profile will be more parabolic than spherical and for short 

focal distances the distortion will be important. 

The second problem is that only positive lenses have being published. 

The third one, and more important from our point of view, is the life time 

(number of cycles) that are not reported. 

The second approach [42] is to create polymeric micro-lenses, using the method 

for manufacturing the micro-lenses employed in CCD or C-MOS detectors (Fig. I.23). 

Once the polymeric micro-lens is manufactured is placed in the front part of a micro-

fluidic chip (chamber) filled with a fluid and connected to a pump to modify the profile 

of the lens. 

This kind of devices and the previously reported have the same advantages and 

drawbacks. 

 

 

Figure I.23. Fabrication sequence of any array of polymer micro-lenses and a prototype 
of the device. 

 

I.4.3.4. Pixelated Lenses (segmented LC Lenses) 

These lenses are based on a matrix of electrodes that produces a pixelated 

response of the LC. The easiest way to obtain a pixelated lens is using a Spatial Light 

modulator (SLM). A spatial light modulator is, essentially, a micro-display similar to 
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those employed in LC projectors. The main difference is the cell gap that is higher in 

SLMs to achieve phase delays of, at least, 2π (π in reflective SLMs). When the cell gap 

increases, the response time increases dramatically, so reflective SLMs are preferred. 

Most of present commercial devices are reflective type, constructed over a silicon chip, 

known as LCOS (Liquid Crystal on Silicon).   

Common to the segmented LC lenses is that the switching of the LC is not 

smoothly varying over the lens aperture, as the field above each electrode is 

approximately constant, while different to that of the neighboring electrode, and that a 

certain dead space is present between electrodes. These steps create not only an 

imperfect lens, but will also result in diffraction and/or scattering of the light; the 

resulting wave-front is expected to exceed λ/5.  

Two kinds of lenses can be designed with an SLM: first one follows the scheme 

of Figure I.20, but only moderate minimal focal distances can be obtained. 

The second one are a Fresnel lenses (phase wrapping), performing with very 

short focal lengths (< 1mm), whereby thinner, hence faster devices can be produced, 

and generally using low switching voltages (Fig. I.24). However, Fresnel lenses have 

multiple foci and poor off-axis performance.  

 
Figure I.24. Structure of the four level digitized blaze profile and operation of the rings. 

 

Another pixelated devices are Fresnel lenses constructed with circular electrodes 

[43]. To achieve a blaze structure and consequently better diffraction efficiency the 

device uses groups of four electrodes. The lens has a very good diffraction efficiency 

(avoiding the gaps between electrodes by interleaving) but has the main problem of all 

pixelated lenses: an elevated wave-front distortion. 
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I.4.3.5. Modal Lenses (High resistivity electrode lenses) 

These lenses are preferred by the European research groups [44]-[46] and the 

only commercial devices [www.okotech.com] we have found. 

The device is quite simple (Fig. I.25). In one plate of the liquid crystal device 

there is an annular ring made of a good conductor (metal or ITO). Inside there is a 

transparent high resistivity electrode (known as control electrode). This electrode is 

made of PEDOT:PSS or similar conductive polymer that can be applied by spin coating.  

The outside ring is limiting the lens diameter. In the other plate there is a common 

transparent electrode (ITO). 

 

 
 

Figure I.25. Structure of a modal lens. 

 

The control voltage is applied to a low resistance annular electrode around the 

active area of the lens. The voltage across the lens decreases radially towards the centre 

of the lens, because of the potential divider that is formed by the high resistance control 

electrode and the capacitance of the LC layer, i.e. its impedance increases radially 

http://www.okotech.com/�
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towards the lens centre. Conversely, the optical path length of the LC layer increases 

from the periphery to the aperture centre.  

The combination of high resistivity electrode and cell capacitance behaves like a 

transmission line. Adjusting the frequency of the control signal, the profile of the 

electrical field towards the centre of the high resistivity electrode can be adjusted, and 

consequently the profile of the switched liquid crystal. A quasi-spherical lens can be 

obtained for moderate focal distances (two times the minimal focal distance or higher). 

In any case, the aberrations are small for short focal distances. 

This setup has the disadvantage of a complicated calibration routine, in order to 

determine the voltages and frequencies needed for a given focal length. However, once 

this is done the use of the lens is straightforward. Instead of an AC field a conducting 

LC could be used [47], resulting in the same. 

One of the possible problems of these devices is the stability of the polymeric 

electrode and the repeatability of the conductivity of the spin-coated layer. In this thesis 

we have improved the basic structure and we propose the substitution of the polymeric 

layer by a thin film of nickel that behaves like a high resistance electrode and is much 

more stable and predictable. 

There is another version (only valid for cylindrical lenses) [48] which uses ITO 

with reduced conductivity. The advantage of these lenses is that the same device is 

capable of performing positive or negative lens. 

High resistivity electrodes have being used for constructing modal liquid crystal 

wave-front correctors [49]. In this case the high resistivity electrode is used to minimize 

the pixelization effect.  

I.4.3.6. 3-D Electrode Profile Lenses 

These lenses are based on different switching voltages depending of the distance 

from the electrode to the liquid crystal, an LC switches in response to a field (V/m) not 

a potential (V). In these lenses one of the electrodes is parallel and in contact with the 

liquid crystal. The other electrode has a spherical [47] or parabolic shape [36] (Fig. 

I.26). Positive and negative lenses can be easily manufactured. Diameter of the lens is 

limited (as usual, except for Fresnel lenses) by the focal length, cell gap and material 

birefringence.   
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Manufacturing and driving are very easy, but once the lens is manufactured there 

is not any way to control the aberrations introduced by the liquid crystal profile. 

All the contributions we had found are from the Ren-Wu group in Florida. 

 

Figure I.26. Three different approaches to lenses based on 3D-electrodes 

 

I.4.3.7. Two Voltage Driving LC Lenses (Thick Dielectric Liquid Crystal 
Lenses) 

Thick dielectric liquid crystal lenses have a quite simple structure [50][51]. In 

one side of the cell there are patterned two concentrical electrodes. The outer part has a 

circular hole of 6mm diameter. The inner part with circular shape of 5,92mm diameter 

is concentric with the circular hole and it is connected to an outer contact via a thin ITO 

layer (Fig. I.27) 

The electrodes are separated from the liquid crystal at a distance of 2.2 mm 

(glass is between liquid crystal and electrodes). In the opposite side of the cell a ground 

electrode is placed.  

When applying a high voltage between the two patterned electrodes (40 to 120 

Vrms) electric field lines crosses liquid crystal quasi-perpendicular (because of the great 

distance between the electrodes and the liquid crystal) and are much more intense in the 

borders of the circle than in the centre, creating the desired profile of a lens. 
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Figure I.27. Structure of thick dielectric LC lenses [50]. 

 

Taking into account the high voltages necessary to switch the liquid crystal 

crossing a thick dielectric, in the published examples to layers of liquid crystal have 

been disposed, separated with a thin (70 μm) glass to improve the minimal focal length 

achievable.  

The philosophy of thick dielectric has been used by other groups [52] (OKO 

Tech.) to design wave-front correctors, using the dielectric as a shield to minimize the 

pixelization of the device. 

I.4.3.8. Hole lenses 

Hole lenses are based on a 

patterned hole in one of the 

electrodes (Fig. I.28). The size of the 

hole (and in the same way the size of 

the lens) is limited to 2 or 3 times 

the cell gap, so is only valid for 

micro-lenses [53]. 

In the presented structure a 

dual frequency nematic liquid 

crystal, oriented at 45º pretilt angle 

is used to manufacture lenses that 

can work as positive or negative, depending of the frequency of the applied signal. 

Due to reduced spot diameter dimensions (in the example 300 μm), these 

devices have very reduced applications. 

Figure I.28. Hole lenses filled with dual-frequency 
nematic LC [53]. 
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I.4.3.9. Polymer-dispersed liquid crystal lenses 

The group of Ren-Wu in Florida presented two communications [54], [55] of gradient 

polymer network liquid crystal lenses. 

In both lenses the structure and fabrication process is very similar (Fig. I.29). A 

classical LC cell is filled with a nematic liquid crystal mixed with a photo curable 

prepolimer. The cell is illuminated with UV lamp under a shadow mask. The 

LC/monomer in the zones cured with a higher UV intensity lead to smaller LC droplets. 

Conversely, the zones with a weaker UV exposure result in large nanoscale droplets.  

 

Figure I.29. Two different approaches to polymer dispersed LC lenses [54], [55]. 

 

When a uniform voltage is applied to the structure, the liquid crystal confined in 

large droplets switch at lower voltages than the liquid crystal confined in the small ones. 

With a simple voltage it is possible to obtain a desired profile of a tunable lens. 

Two devices have been reported, a classical lens and a Fresnel lens. In any case 

it is difficult to adjust the profile and must be done during the insulation process. 

I.5. ORGANIC CONDUCTORS: MIXING CONDUCTIVE 
POLYMERS AND LIQUID CRYSTALS 

Conducting polymers have a special importance because their applications in 

organic electronics, specially in OLEDs and organic active matrices. In particular, 

poly(3,4-ethylenedioxythiophene) (PEDOT) is widely used because it is transparent, 

flexible, relatively easy to manage, good hole injector and chemically stable [56]. 

Aqueous PEDOT dispersions with the poly-electrolyte poly(styrene sulfonate) (PSS) 

have become a standard hole transport layer for OLEDs, due to its low lying highest 
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occupied molecular orbital (HOMO) level that facilitates charge injection from ITO 

anodes into emissive polymers. 

In some cases, an aqueous lyotropic liquid crystal (with a hexagonal mesophase) 

has been used to prepare a nanoscale self-organized PEDOT layer employing the liquid 

crystal to align the polymer. This organization remains when liquid crystal is eliminated 

and results in a well aligned PEDOT layer with extraordinary optical and electrical 

properties [57].  In other cases structures of aligned OLEDS emitting polarized light 

have been proposed as efficient backlight for LCDs.  Some of them use Liquid-

Crystalline Polymers to achieve the required organization for polarized emission [58]. 

In our research work, PEDOT-PSS have been used in two different ways. In 

some cases has been used as alignment layer to achieve electro-optical asymmetric 

behavior of liquid crystal cells [59]. In other cases the PEDOT-PSS has been used as 

high resistivity electrode in the design and manufacturing of Liquid crystal lenses. 

This was previously proposed [45]-[47] but we have introduced the novelty of the 

simultaneous use as aligning layer. 

Conventional alignment techniques used with liquid crystal (LC) devices are 

buffered polyimide or Nylon coating of the surfaces. In order to improve the contrast of 

LCs displays, we have previously studied the use of dissimilar alignment conditioning 

the two aligning surfaces [60]. We used, as a reference, one substrate coated with 

rubbed Nylon 6 and the other coated with polyimide, un−rubbed Nylon 6, angular 

evaporated SiOX or fluorinated co−block polymers [61]. These configurations all 

improved the alignment of the AFLCs and produced an important reduction of the 

inherent AFLC pretransitional effect, increasing substantially the contrast. In addition, a 

voltage shift of the AFLC electro−optic response was observed in all cases [62]. This 

asymmetric response leads to a number of new addressing modes, ranging from 

quasi−static multi−stable images with no holding (bias) voltage, to low power 

consumption passively−addressed multiplexed video−rate devices [63]. From the 

electrical behavior of the PEDOT:PSS one could expect that the injected charges in the 

PEDOT:PSS would induce a shift of the electro-optical response [64]. In order to 

analyze this effect separately from the effect of spontaneous polarization of the 

antiferroelectric liquid crystal, both cells with NLC and AFLC have been studied. 
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We have carried out experiments varying the PEDOT: PSS layer thickness in 

order to analyze its effect on the electro−optical response. In a final experiment, we 

have performed preliminary studies of the PEDOT:PSS conductivity and its possible 

use as an electrode; in all experiments we have observed a certain ability of buffered 

layers of PEDOT:PSS as aligning layer. 

I.6. GOALS 
The fundamental objective of this thesis has been the development of photonic 

devices using unconventional manufacturing procedures, particularly unconventional 

alignment technologies. This has lead to an intrinsic duality in the nature of the work: a 

fundamental study of the effects created by the new manufacturing procedures, and the 

identification and development of devices employing these new technologies. 

Two manufacturing processes have particularly been studied:  

• Asymmetrical liquid crystal devices in which the two confining substrates has 

been treated differently, which leads to an asymmetric electro-optical response. 

The aim of this work was to understand, and model, to the extent possible, the 

underlying principles behind the behavior. This in turn facilitates the 

development of devices with a dual functionality as zero power consumption 

steady state devices with a gray scale pseudo ferroelectric behavior combined 

while at the same time providing a dynamic grayscale behavior similar to what 

is seen in nematic liquid crystals.  

The use of organic conductive materials for this purpose has not been previously 

reported. 

• Liquid crystal devices with transparent organic electrodes. Here the principal 

aim was to identify suitable organic electrodes, which could be employed as 

potential low cost or low tech alternative to conventional inorganic electrodes, 

and to develop devices employing these electrodes. In this context, modal lenses 

have been developed. 

In order to reach the objectives it has been necessary not only to manufacture the 

initial devices, but also to develop characterization protocols. As a result of the 

characterization the manufacturing processes have continuously been refined.  
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I.7. OVERVIEW OF THIS WORK 
In order to reach the above defined objects of this thesis the work has been 

divided into the following list of tasks and subtasks. This list of tasks is almost 

coinciding with the layout of the presented work.  

Task 1: State of the art 

• A study of the state of the art of the technologies involved in the manufacturing 

of liquid crystal devices, hereunder displays and photonic devices such as lenses, 

filters and beam steerers. 

Task 2: Asymmetric cells 

• Development of manufacturing protocols for symmetric and asymmetric 

antiferroelectric and nematic test cells. 

• Thorough electro-optical characterization of the manufactured both at low 

frequency triangular waveforms, and video frequency waveforms. Hereunder, in 

the case of antiferroelectric devices optimization of the employed waveform 

• Adaptation of characterization protocol, more specifically current measurements 

• Current measurements of asymmetric cells, under various conditions 

• Development of a qualitative model of the ionic behavior in asymmetric cells 

Task 3: Organic electrodes 

• Development of manufacturing protocols for deposition and rubbing of organic 

electrodes 

• Electrical characterization of the electrodes 

• Electro-optical characterization of asymmetric AFLCs with at least one organic 

electrode 

• Manufacturing of modal lenses employing organic electrodes 

• Development of characterization protocol for modal lenses 

• Measurement and characterization of the manufactured lenses 
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II.1. INTRODUCTION 
In this work, several kinds of devices have been created are characterized. 

Manufacturing procedure steps can change considerably depending on the requirements 

of each device. Fabrication of devices has required the formulation of many 

manufacturing protocols. These manufacturing protocols must be strictly abided in 

order to obtain repeatability in the experiments. Thereby, repeatability is always an 

issue whose accomplishment is always associated to a reliable manufacturing 

procedure.  

All devices performed in this work had been manufactured in a clean room 

(section II.2) under certain conditions (Fig. II.1). The manufacturing process (section 

II.3) covers a wide range of steps with different requirements:  

• Glass cleaning 

• Photolithography, to create the motifs that eventually generate the pixels  

• Elimination of the excess electrode through chemical attack  

• Deposition of barrier and alignment layers 

• Spacer deposition over one of the substrates  

• Adhesive sealant deposition by serigraphy on the perimeter of the cell 

• Cell assembly and adhesive curing  

• Cell filling with liquid crystal 

The process ends with the placement 

of the polarizers and the electrical 

wiring of the matrix of pixels 

described in section II.3.10. Section 

II.3.11 illustrates the characteristics of 

the liquid crystal materials used in 

this work. 

 

  

Figure II.1. Example of a finished display 
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II.2. CLEAN ROOM: FEATURES AND INSTRUMENTS 
In the production of LCD at industrial level, the clean room (Fig. II.2) have 

hundreds square meters. The clean room used in this work has been designed by the 

research group and certainly has smaller dimensions. Still, it is divided into different 

areas of work in terms of processes (clean or contaminants) to be undertaken. Thus it 

has been divided into two zones, each with two dissimilar cleaning environments.  

The clean room is covered completely in a dust free material. All entrances 

required for supplies of gas and water inputs are sealed with silicone. Filtered air is 

constantly pumped inside the room, in order to create overpressure, thus avoiding the 

entrance of non-filtered air. Persons work in this zone must always be protected with a 

special dress. Disposable garments are used: boiler suit, mask, latex gloves, head cap, 

bootees and UV light goggles, when necessary. The material to be introduced inside the 

clean room should be first cleaned with alcohol and special cloths and drying with a 

nitrogen gun. 

 

 

Figure II.2. Inside view of the clean room 
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II.2.1. Distribution of equipment and processes 
The processes that have been carried out inside the clean room are detailed in 

Figure II.3. This includes all processes carried out while the cell is opened. Cells are 

taken out of the clean room only after mounting and sealing. 

Only the polarizer placement and the electrical wiring are carried out outside the 

clean room. The remaining processes are performed in one of the two zones. As 

illustrated in Figure II.3, the different actions are numbered in the order followed by the 

manufacturing process. 

 

 

Figure II.3. Scheme of the clean room 

 

To clean the glasses and the work material an ultrasonic bath system is used (US 

P–Selecta 3000513 [Fig. II.4]). Kegs have 6 liters of volume and a 150 W US generator. 
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The cleaning system consists of 

an array of ultrasonic cleaning buckets 

containing water with detergent, 

acetone and isopropanol. The glasses, 

cut to desired size, are placed vertically 

in holders that will be immersed 

sequentially in baths. It is important that 

the substrates remain in vertical position 

as much as possible, thus minimizing 

particle contamination. 

After the last stage of the clean procedure the samples are dried with a nitrogen 

gun, in order to remove any remaining dust particles. This is important because the 

following processes require the samples to be placed in horizontal position.  

The gun can operate at pressures up to 6 bars, but it is usually used only in the 

range between 1 and 3.5 bars. The clean room is provided with a Domnik Hunter 

nitrogen generator attached to a 1 m3 storage vessel at 5 bars. 

II.2.2. Spinner 
It is used to deposit the different the layers of the glass treatment (Fig. II.5). In 

the manufacturing line the spinner is used to deposit the photoresist which can create the 

motifs of the pixels. The spinner is also used for the deposition of the alignment layers 

by rubbing, as an alternative treatment to the alignment layers by thermal evaporation. 

The spinner is a Headway 

Research, Inc. EC101D-R485 with 

rotation speeds of 10000 rpm. The 

diameter is 8 cm, and effectively 

limits the size of the samples that 

can be processed in the 

manufacturing line. Nevertheless, 

this is just a nominal restriction 

since the eventual photolithographic 

 

Figure II.4. Ultrasonic keg 

 

Figure II.5. Spinner 
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processes could not handle samples larger than this in single steps.  

The final thickness of the layers deposited in the spinner ultimately depends on 

the time and speed of the deposition. The viscosity of the fluid that is applied is also 

important. The sample is firmly attached to the holder by an O-ring placed on the plate 

and a vacuum gate. The vacuum gate is inside the mobile shaft that rotates on a hollow 

cylinder on which the vacuum is done.  

The photoresist drying and polyimide curing is done in a Heraeus 5050-E oven. 

The maximum temperature that can be achieved is 300 °C.  

II.2.3. Angular thermal evaporation (PVD) 
It is used for alignment layers deposited on the inner surfaces of the substrates, 

which subsequently induce the liquid crystal orientation as the desired direction. 

Our Physical Vapor Deposition (PVD) evaporation is a Telstar Vacudel 300 

equipped with a vacuum system consisting of a turbo molecular pump Alcatel TMP5400 

supported by a rotary pump Telstar Torricelli RD-18 (Fig. II.6). The unit has been 

modified from the commercial product. The evaporation chamber has been elongated so 

that the distance between the source and the target is about 75 cm. In this way, the 

incidence angle of the evaporated product is almost constant along the sample. This is 

placed on a holder provided with a goniometric scale to select the desired evaporation 

angle. 

The disadvantage of this technique is that the amount of material needed for this 

process is very large and also residues remain in the evaporator cylinder, which then 

have to be removed. There is a cap on the cylinder where a heating sample device can 

be installed. 

Orientation of liquid crystals by thermal evaporation is achieved by depositing 

oblique layers of silicon monoxide, SiOX. The material to be evaporated is placed in 

crucibles or pots of a material whose melting point is much higher than that of the 

substance. Molybdenum crucibles with a cover full of holes have been used. 

The speed chosen to standardize the evaporation is 1 Å/s that is achieved by 

applying an electric current of 115 A. The thickness of the alignment layer will be 

approximately 100 Å at normal incidence. 

 



LIQUID CRYSTAL PHOTONIC DEVICES BASED ON CONDUCTIVE POLYMERS 51
 

 
Figure II.6. Chamber with sensor and an external display which shows the growing speed 
and thickness. 

 

The reason of choosing a 

"slow" deposition speed is to ensure a 

uniform SiOX attachment to the 

substrate; since, as it is demonstrated, 

at high velocities the material is not 

properly deposited. 

It is important to point out that 

the sensor of the vacuum chamber is in 

a fixed position at the same height as 

the grid sample holder, and 

perpendicular to the evaporation 

direction. Therefore, if the thickness measurement showed by the sensor is E, and the 

inclination of the grid sample holder is the angle α, as described in Figure II.7, one can 

calculate the actual SiOX thickness (D) over the sample: 

( )·cosD E α=      (9) 

 

Figure II.7. Relationship between the thickness 
detected by the sensor and the actual 
thickness 



52 II. MANUFACTURING PROCEDURES 

 

 

II.2.4. CO2 laser 
Motifs on pixel design are imprinted in masks. High resolution masks are drawn 

in AutoCad and sent elsewhere for manufacturing. Low resolution masks (features > 

200 μm) are prepared in the laboratory, from commercial mirrors. Masks are made by 

removing selected parts of the reflecting surface by means of an Epilog Helix24 CO2 

laser attached to a numerical control table. 

The device can be easily controlled from a computer by defining the laser as a 

printer or plotter. In printer mode, the laser deliver pulses of variable intensity in a high 

resolution x,y matrix, similar to a standard laser printer. In plotter mode, the laser draws 

any kind of lines or curves. This is useful to define tracks of the display, and guarantees 

electrical isolation between contiguous tracks. 

The laser draws the mask in the mirror, removing the coating of the non-desired 

areas. In these areas only the glass remains, allowing the pass of light and creating 

motifs defined by the mirror coating. 

The CO2 laser is also employed to print masks defining adhesive sealing frames. 

This is eventually used in preparing serigraphic frames for adhesive deposition. 

II.2.5. Mask aligner 
The mask aligner is used to sensitize the photoresist deposited in the spinner, 

after being cured in the oven. The original unit is a conventional equipment for 

integrated circuits Hybralign Series 400 (Fig. II.8), oversized for wafers up to 8 inches 

(though in practice just the central 10 cm provide the highest resolution). The etching is 

performed with a high presssure mercury UV lamp (500 W). The mask is held by 

vacuum under a micropositioning platform and approximates to about 20 μm from the 

glass plate (soft contact), which is fixed to the plate immediately below the platform. 

The positioning of the mask is seen with two microscopes attached to monitors. Once 

achieved the position, the vacuum is changed into pressure through a valve, causing the 

mask to be fixed onto the plate (hard contact), and the exposure is allowed. 

The same equipment has been modified to allow assembling of the outer glass 

plates of the samples. One of the plates, where the adhesive has been serigraphically 

deposited  (see next) is placed in the holder, whereas the second plate is used instead of 

the mask. Aligning marks are employed to align the plates in soft contact mode. Once 
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alignment is achieved, the mode is turned from soft contact to hard contact, and the 

adhesive is cured with UV light.  

The ultraviolet light gun Thorlab UV-75 that emits UV light in a beam will be 

used to cure light-cure adhesives. The adhesive will be used to assemble the glass in the 

manufacturing process of liquid crystal cells and later sealing them. 

 

 

Figure II.8. Mask aligner. On the left, the lamp lens and the plate. At the centre, the two 
positioning microscopes connected to the monitors (right). 

II.2.6. Cell filling 
The cell filling system was developed in the laboratory from a commercial 

vacuum drying system. The filling of liquid crystal cells is made in vacuum. The 

equipment (Fig. II.9) consists of a chamber in which the vacuum is done, a heating 

system to allow the liquid crystal temperature to be risen and kept above clearing point, 

and a system of vertical and horizontal displacements of the sample.  

The equipment has two independent temperature controls: one of them for the 

sample holder plate and the other one for the liquid crystal crucible. 



54 II. MANUFACTURING PROCEDURES 

 

 

The temperature control of the crucible is carried out by a conventional 

thermostat, for a high accuracy in the achieved temperature is not required. The 

temperature control of the sample holder plate is made through a computer-controlled 

system. This allows programming heating and cooling cycles with plateaus that are 

customarily used in the phase transitions. Computer numerical readings have been 

mapped through calibration with real values of temperature. The reading error is less 

than 1  ºC, enough for the process requirements.  

The temperature control is performed by varying the on-off time of the resistors, 

taking into account the inertia of the system to prevent temperature oscillations. The 

system reaches the desired temperature in short periods of time and keeps cooling or 

heating ramps of several degrees per minute with an error less than one degree Celsius. 

The holder of the cell is made using two pieces of Teflon, pressed against an 

aluminum plate where the resistance and the hot plate are placed. The whole system is 

inside a vacuum chamber. It has also incorporated a commercial temperature controller 

that is used to control and heating of the liquid crystal crucible. 

The vacuum chamber is made of glass resistant to temperature and close at the 

base with a silicone O-ring. The vacuum is done by the connection to the same line used 

in the spinner. The chamber has a vacuum meter that measures pressure inside the 

chamber and regulates the flow of gas entering when the atmospheric pressure is 

returned. This flow can be controlled with a valve. 

The main heating plate heats the liquid crystal to isotropic state. The liquid 

crystal is inside an aluminum 

crucible and placed in contact with 

the plate. The liquid crystal is in a 

cleft in the crucible, so that the gate 

of the cell is adapted to the cleft 

before filling. It is important to allow 

a period for degassing after heating 

up the liquid crystal, before allowing 

the entrance of liquid crystal in the 

cell, because the liquid crystal may 

cause voids inside the cell otherwise. 
 

Figure II.9. Cell filling equipment 
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The system allows displacements of the cell that can be handled from outside the 

chamber: 

• Vertical displacement: The cell gate must be introduced within the liquid 

crystal display (previously degassed). For this, the sample holder must 

move very slowly down with the vacuum system. This movement is 

achieved with a motor that moves vertically the sample holder plate. 

• Horizontal displacement: The horizontal displacement of the sample 

holder is necessary during degassing. The movement is made on a swivel 

movement and is controlled by a magnet outside the vacuum chamber. 

The rotation is not completely horizontal but is slightly tilted so that the sample 

holders rotate by gravity. Then it is positioned for filling and the external magnet can be 

removed. 

II.2.7. Spectrophotometer  
An important aspect of the manufacture of liquid crystal cells is the control over 

the thickness or separation between the glasses and subsequently filled with liquid 

crystal. To measure this magnitude a spectrophotometer LAMBDA2 Perkin-Elmer (Fig. 

II.10) is used. It's a standard double-beam spectrophotometer that covers ultraviolet, 

visible and infrared regions (190 nm–1100 nm), and monitoring on the screen the 

spectrum obtained, it used the PECSS software that allows all basic operations. The 

method of measurement is based on Fabry-Perot interference that occurs when the light 

impinges on an enclosure bounded by two parallel polished surfaces (such as cell 

surfaces). 

 
 Figure II.10. Spectrophotometer and cell anchorage system 
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The spectrum obtained is a transmission spectrum which has alternating maxima 

and minima, whose separation in different wavelengths is directly related to the 

separation between the faces of the cells. 

The expression used to accurately calculate the thickness, d, is: 

 1 2

1 22
md

n
λ λ
λ λ

=
−

     (10) 

where the wavelengths λ1 and λ2 correspond to the values of the wavelengths of two 

maxima or two minima between which there are other m minima or maxima. The value 

of the refractive index of the medium (n) in the case of empty cells is unity, since the 

cell before filling has air between the glasses (nair ≈ 1). It can be deduced that the 

distance between peaks increases with decreasing thickness. For this reason this system 

is ideal for measuring very small thicknesses of the order of µm. 

If the cell is filled with liquid crystal, the refractive index value must be 

modified. If the cell is aligned homogeneously, then polarized light must be used, 

orienting the cell so that only ordinary or extraordinary index is affected by the light 

transmission. In vertically-aligned cells, obviously, ordinary index can be used 

regardless the cell orientation. 

Anyhow, measuring thickness in filled cells is less accurate than in empty cells, 

for the interference phenomenon depends on the index difference between the plates and 

the material inside the cell. This procedure is only used to verify that the filling process 

has not modified the thickness previously determined in the empty cell.  

II.3. MANUFACTURING PROTOCOLS 
In this section, a complete manufacturing procedure is presented as protocols.  

As said in the introduction of this chapter, manufacturing procedure steps may 

change considerably depends on the requirements of each device. To perform these 

steps, a number of manufacturing protocols have been created.  

In a brief manner, the manufacturing process is as follows: initially, glass 

substrates are cut, cleaned and dried. After this, the conductive tracks are drawn on the 

glass to form the pixels. These conductive tracks are generated from the glass with ITO 

(indium tin oxide). This is done through a photolithographic process with a photoresist, 
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developing and a subsequent etching of unprotected ITO. Later, the inner surfaces of the 

glass substrates are conditioned by a deposition of a polymer or an oxide (this stage is 

necessary to define the orientation of the liquid crystal at the desired pretilt). Once the 

surfaces are conditioned, spacers are deposited to ensure the thickness of the sandwich 

and a fence adhesive (gasket) is placed onto one of the substrates. Then, the substrates 

are mounted taking into account that the fence must to have a gate where the liquid 

crystal will enter inside the cell. The filling of the cell is performed in a vacuum 

chamber and then the gate is sealed. Finally, cell wiring and polarizer mounting are 

performed outside the clean room. 

These protocols are also presented schematically, step by step as a user guide of 

the clean room. The specific values, such as spin velocity, temperatures and times, of 

the different process steps are shown in blue color. 

II.3.1. Manufacturing line 
Figure II.11 shows the manufacturing process of the device in a block diagram 

form. The optimal and chosen path is colored in yellow. The steps discarded are shown 

in green: 

• The photoresist deposition can be performed on dry film or by spin-

coating. In this case, the dry film deposition is an industrial process that 

results less appropriate at the laboratory scale. 

• Depending on the requirements of each device, SiOX evaporation or 

polyimide deposition (and subsequently a rubbed process) must be 

chosen. Among the organic polymer alignments several commercial 

products have been used, such as SE-1211 (Nissan Chemicals Industry 

Ltd.) for vertically alignment. Polyamide, a polymeric substance such as 

Nylon 6 (Sigma-Aldrich Co.) is used for a non-vertically alignment (plus 

a rubbed process too). 

• Wet spacers deposition is chosen for the deposition stage. Dry deposition 

requires a higher amount of spacers and avoiding spacer aggregation 

becomes difficult.  

• Depending on the device, the filling procedure is by degassing and 

vacuum filling or by capillarity. The first one is appropriate for very thin 
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cells. The second one is nice for thick cells, but there is a risk of void 

formation, especially in negative nematics for their higher viscosity 

makes the filling procedure quite slow. 

The orange color shows a parallel stage that is not performed over the substrates. 

That is the mask printing of the motifs that they will appear finally on the display 

through the CO2 laser. This laser is also used to design the gasket fence over a metallic 

mesh. 

NOTE: The high resolution and nanolithography protocol are not specified in this 

diagram. 

 

 
Figure II.11. Block diagram of the manufacturing process of LC devices. 
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II.3.2. Types of electrode 
To manufacture a LCD, usually it is used a Glaston glass with supertwist 

polished quality of 0.7 mm uniform thickness and a 50 nm ITO (inner face), with a 

smoothness of 0.1µm/cm. The ITO layer is a transparent electrode whose surface 

resistivity is 20 Ω per square. Pixels are drawn over this inner surface,. 

II.3.3. Glass cutting and polishing  
Typically, the cells employed in the experiments are either 4×5 cm or 2×3 cm, 

and 8×8 cm maximum (limited by the spinner diameter). The glass is supplied in sheets 

of 40×40 cm which are reduced in the laboratory (Fig. II.12) on samples of desired size. 

Glass cutting is a critical step 

since the manufacturing process of a 

display may be interrupted by a broken 

edge or broken by crack propagation 

along glass.  

Glasses are polished after cutting 

with a diamond stone. Polishing is 

important because small irregularities, 

which occur after the cutting process, can 

decrease the quality of the display. 

II.3.4. Photolithography protocol 
The aim of the photolithography is to imprint onto the ITO layer the images of the 

electrode tracks to achieve the image with the desired motifs. Depending on the device 

resolution, it is important to choose the correct photolithographic technique.  

In this section three photolithographic techniques are highlighted. Two of them are 

carried out in our laboratory (low and high resolution) and the third is realized at the Instituto 

de Sistemas Optoelectrónicos y Microelectrónica (ISOM – UPM) using a nanolithographic 

technique. 

The first technique is explained in detail; in the second one, only the specific 

parameters are shown. 

 

Figure II.12. Glass cutting 
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II.3.4.1. Low resolution photolithography  

Electrode preparation 

Low resolution photolithography is used for single pixel or 4×4 pixel matrix devices. 

Such devices are typically used as test cells, e.g. when it is necessary just to know the electro-

optical response of a certain LC material. 

Mask 

First, it is prepared a mask that is used to print the motifs on glass (Fig. II.13). The 

mask is drawn onto a mirror with the CO2 laser. The laser removes the mirror coating areas 

that are not part of the picture, leaving only the glass and thus allowing the light to come 

through these areas. In addition to the pixel areas, some alignment marks are recorded over 

the mask series to allow the subsequent assembly of the plates. 

 

      

                (a)                            (b) 

Figure II.13. Examples of low resolution masks (a) single pixel and (b) 4× 4 pixel matrix 

 

Cleaning procedure  

There are three ultrasonic kegs: one with distilled water, the second with acetone and 

the last one with isopropanol. The glasses are placed vertically in holders which are 

introduced in the baths in sequence (Fig. II.14). 

It is important to control the time the glasses are immersed in each bath. If time is too 

short may remain on the surface impurities and if too long the ITO coating layer may be 

damaged. 
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Figure II.14. Ultrasonic bath train 

 

Depositing procedure 

The photoresist is a photosensitive fluid. It is evenly distributed over the surface of the 

glass with ITO. It is important that the photoresist layer is thin and as uniform as possible. 

The thinner the deposited layer the higher the resolution that can be achieved in the display. 

However, a too thin layer may not be sufficient to protect the ITO during the chemical attack. 

The used photoresist is Microposit S1818 and is suitable for layer thicknesses below 5 

μm. Before depositing on the glass, the photoresist must be filtered with a Millipore Millex 

filter 450, which filters out particles with a diameter larger than 0.45 µm.  

The photoresist is distributed by spinning. The speed depends primarily on the 

viscosity of the material and the desired layer thickness. 

The photoresist material is very viscous, so that its deposition in the glass is 

complicated. Due to this, it is mixed with a solvent (thinner) which evaporates as it moves 

centrifugation. The most effective way to get a uniform deposited layer is called ramp 

centrifugation, i.e. increasing the speed gradually. 

The layer obtained by depositing the photoresist on the ITO is not perfectly uniform 

because, in turn, the linear velocity of the edges of the glass is higher than the central zone. 

There is also an edge effect; the photoresist thickness is thicker near the edges. Despite these 

non-uniformities, the quality of low resolution is not cells affected in later stages because the 
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photoresist is eventually removed from the glass surface by developing. As an additional 

measure of security, in any moderately complex display oversized glasses are used and a 

glass frame is removed in an eventual step of the manufacturing process in order to eliminate 

edge effects. The final step of this stage is the photoresist cured inside an oven. 

Insolation procedure 

The ITO glass and photoresist are aligned with the mask to print the patterns in the 

glass. The glasses are placed on the platform (Fig. II.15), where it is held by vacuum. The 

mask, previously cleaned and dried, is placed over the frame, firmly attached to an additional 

piece,. The frame is lifted, in order to place the glass below. It should be well observed the 

mask and glass to ensure that the mask is well oriented and that the photoresist is upwards. 

With the frame down and fixed it is allowed to move the ultraviolet exposure area. 

 

Figure II.15. Mask aligner: positioning and UV insolation platform 
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The UV insolation stage is used to sensitize areas of photoresist that are not needed 

(negative photoresist) and delete them. It is placed a glass mask over the lamp frame. 

There are two types of photoresist: 

 Positive: drawings on the mask are the same as those that appear later in the display. 

 Negative: drawings on the mask are the inverse image of what appears on the display. 

In this case, the used photoresist is positive. 

The platform has a security system. Only when it is fully shifted to the bottom it 

opens the shutter and the UV exposure starts. The exposure time is controlled by a timer to 

any time between 0 and 1000 seconds (16 minutes 40 seconds). The shutter takes a few 

seconds to open, for safety. 

The maximum power of the UV lamp (high pressure mercury lamp) is 4 mW/cm2. 

However, the power that actually reaches the substrate depends on: a) the material that has 

been used in the mask, since not all materials absorb light equally, and b) multiple reflections 

that occur in the intermediate layers substrate, ITO, glass, photoresist layer, etc. 

Taking into account these factors the optimum insolation time is 30 seconds. A time 

below do not provided the subsequent developing since they fail to impress the photoresist. 

Times higher produce alterations in the shape of the electrodes, causing blurring corners. 

Developing procedure 

In the developing stage, the photoresist insolated is removed. It is important to know 

that the optimal developing time is inversely proportional to the illumination of photoresist 

and directly proportional to its thickness. 

Insolated substrates are immersed in the developer (Microposit Developer, Shipley 

Far East Ltd. Japan). The optimal revealed time varies between 35 and 40 seconds for 

photoresist thicknesses achieved with a 20 seconds spinning ramp. If the developing time is 

higher it would risk eliminating not only the insolated photoresist layer, but also the 

photoresist that has not been exposed to radiation. 

To finish the developing stage, the substrate is dipped in water and wash again to 

remove any remaining developer. As a result of this process, a drawing with the desired 

motifs, with the hardened resin protecting the areas in which the ITO layer is preserved. The 
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photoresist not removed protrudes above the transparent glass, allowing a visual check of the 

motifs and track continuity. 

Before the next stage, the glass must be completely dried, so it should blow them 

using pressurized nitrogen gun to remove surface droplets and placed the glass in the holder. 

Additionally, it is necessary to harden the photoresist again, since the developer fluid affects 

its thickness. For this, the substrates are introduced in the oven for 30 minutes at a 

temperature of 110 º C. Thus, the photoresist is hardened and protects the electrode to hold up 

the acid attack without any damage. 

Wet etching procedure 

An acid attack is used to remove the 

remaining ITO which is not protected by 

the photoresist and it allows being a pattern 

of ITO on the glass with the mask motif. 

The concentration of the acid solution and 

bath temperature are relevant. 

Glasses are immersed in a solution 

of HCl and HNO3 in distilled water at 65 º 

C. The proportion of the mixture 

constituents is: 49% HCl, 1% HNO3 and 

50% water. The HNO3 acts only as a 

reaction accelerator. The etching time is critical for the acid solution may penetrate and attack 

the protected ITO, causing open circuits in the display (Fig. II.16). Immediately after the wet 

etching, the substrates are washed with water in the shower located in the same acid attack 

device. 

Figure II.17 shows the wet etching device. To the left is observed the attack tank 

where acid mixture is added and to the right, the shower tray with water to wash the glasses. 

Once the ITO is removed of the areas where no electrode is required, the photoresist 

which is protecting the ITO zone that will comprise the pixel is eliminated. The remaining 

photoresist is cleaned with a solvent, Microposit Remover, which is a developer solution that 

completely eliminates all photoresist. Afterward, the glasses are rinsed with distilled water to 

remove residual solvent. Finally, the substrates are undergone to a cleaning process as 

described above. 

 

Figure II.16 Cut track due to developing 
problems 
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Figure II.17. Wet etching device with acid attack (left) and shower (right) trays 

 

LOW RESOLUTION PHOTOLITHOGRAPHY PROTOCOLE 
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.   
Distilled water (30’) 

Add few drops of soap microfiltered 1% 
Put substrates inside the keg
After bathing, rinse with distilled water and dry with 
nitrogen gun

Acetone (15’)  Repeat last two steps above
Isopropyl alcohol (15’)  Repeat last two steps above
Dry inside oven at 150 º C (30’)
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Positive photoresist (Microposit Photores. S1818, Shipley Far East Ltd. Japan) 
over the whole surface 
Spin at 4500 rpm (30’’) (in the first 10’’ spin speed is increasing from 0 to 4500 
rpm) 
Photoresist curing: 90  ºC (30’) (oven should be already at 90  ºC) 
Insolation (30’’) 

D
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.  
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C
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.  Developing: 35’’-40’’ for photoresist thickness achieved with 20’’ spinning ramp

Second photoresist curing: 110  ºC (30’) (oven should be already at 110  ºC)
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Dip the substrates in acid solution (49% saturated HCl, 1% HNO3 and 50% 
water): 68  ºC (35’’) 
Immediately, rinse the glasses with water (use the shower available in the wet 
etching machine) 
Dip the substrate in in the solution Microposit Remover till note that there are no 
photoresist remains 
Rinse the substrates with distiller water to remove residual solvent 
Clean again the substrates as indicated in the Cleaning Procedure 



66 II. MANUFACTURING PROCEDURES 

 

 

II.3.4.2. High resolution photolithography 

The typical high resolution devices employed in this work have about 1000 parallel 

tracks with a pitch in the µm range. For this purpose, masks of 5.5 µm wide ITO electrodes 

with 1.5 µm interpixel have been designed and the photolithographic process in all its aspects 

has been tested and optimized. The process showed that the existing soda-lime based 

substrates, normally used in the LC device production, did not have the sufficient quality and 

thus new borosilicate substrates have been used. 

In order to achieve the relatively high resolution, it has been necessary to optimize the 

entire photolithographic process as will be listed below. 

Electrode preparation 

The standard substrates normally employed have proven to be of an insufficient 

quality for high resolution devices. Dirt particles on the substrates caused disruption of the 

photoresist pattern. New precut 1.1 mm thick, 90 x 90 mm2 (CEC 020-S, Präzisions Glas & 

Optik GmbH) have been purchased. Figure II.18 shows the transmission curve of these 

substrates. 

 

Figure II.18. Transmission curve of the borosilicate substrates 
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The ITO layer is approximately 120 Å with a resistivity of 15 Ω per square. The 

choice of ITO thickness has been a compromise between transparency (84% at 550 nm) and 

low resistance. 

The chosen thickness (1.1 mm) is too thin for the device to keep the gap between 

electrodes without spacers in the active area. The use of thicker substrates using spacers only 

in the gasket has been considered; the drawback would be that any radiation blackening effect 

would be enhanced 

The substrates have a barrier layer between the borosilicate and the ITO in order to 

prevent ion leakage from the glass to the liquid crystal. 

The unavailability of the E-gun deposition and thermal evaporation facility 6 months 

ago has interfered with the planned testing of the multi-layer reflective electrode design 

(ROI). Instead resources have been centered on two technologies for high resolution devices 

using standard optical geometry: Conventional UV high resolution photolithography 

employing chrome masks and nano-ebeam photolithography in combination with 

conventional chrome mask fan-out. 

Masks 

The 1k line masks were 

made for external driving, i.e. 

without chip-on-glass as no driver 

chip for mounting on glass had 

been identified at the time. 

Changing the masks (Fig. II.19) for 

the use of chip-on-glass is a trivial 

task, although the soldering of the 

chip will require some 

optimization. The masks of the 

optical element include common fan-out feature where of all odd electrodes are connected to 

the left bank of 500 connectors and all even electrodes to the right bank of 500 connectors. 

This design facilitates the testing of the device applying binary patterns. 

 

 

 

Figure II.19. Electrode structure 
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Aluminum metallization protocol 

The high resolution design implies the track width to be largely reduced, while the 

track length is considerable. As a consequence, the track resistance –even for low resistivity 

ITO– is often too large for the device to work properly. The solution has been to metalize the 

electrodes along the track except in the active area. Aluminum has been deposited by thermal 

evaporation. The high resolution area is protected, and the aluminum layer is deposited and 

removed from the unwanted areas using the same mask as employed for ITO.  

Cleaning procedure 

The existing cleaning process of the in-house cut (90×90 mm2) substrates was not 

adequate for the high resolution devices as small (1-2 µm) dirt particles, possibly originating 

from the cutting of the substrates, were not fully eliminated. The cleaning process has been 

entirely reassessed and the outcome has improved vastly.  

NOTE: Throughout the whole process it will not be used or tweezers or nitrogen gun. The 

glasses are attacked with gloves at the edges. 

Photoresist depositing procedure 

A new kind of positive photoresist for the high resolution masks has been employed 

in combination with an adhesive promoter to ensure a homogenous distribution and high 

adherence photoresist layer to the glass. 

Developing procedure 

For high resolution photolithography a revealing machine and a certain solution are 

employed. The idea of developing is the same as low resolution but the technique is 

completely different. 

 

 

Figure II.20. Mask and micrograph of the 7 µm pitch electrodes, showing a typical interpixel 
space of 1.8 µm and a 5.3 µm pixel 



LIQUID CRYSTAL PHOTONIC DEVICES BASED ON CONDUCTIVE POLYMERS 69
 

Wet etching procedure 

The manufactured 

electrodes (Figs. II.20 and II.21) 

are slightly thinner than the 

designed mask resulting in 

interpixels that are approximately 

1.8 µm instead of the 1.5 µm. It is 

foreseen that this may affect the 

diffraction efficiency of the device. 

 

 

 

HIGH RESOLUTION PHOTOLITHOGRAPHY PROTOCOLE 
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Rub gently (with gloves on) with degreaser KH7 (KH Lloreda, Spain) the glass and 
place it in the holders 
Ultrasonic bath with water (microfiltered soap is the detergent)  (1 h) 
Rinse with distiller water 
Ultrasonic bath with acetone (15’)
Rinse with distiller water 
Ultrasonic bath with isopropyl alcohol (15’)
Ultrasonic bath with distiller water (15’) (the keg should be really clean after the first 
washing) 
Rinse with distiller water 
Dry in the oven. 200 ºC (30’)
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PROMOTOR 
PROCEDURE 

Microposit adhesive (Microposit Primer, Shipley Far East Ltd.) over the 
whole substrate surface by a pipette
Spin at 500 rpm (5’’)
Spin at 4500 rpm (35’’)

 

PHOTORES. 
PROCEDURE 

Positive photoresist (Microp. Photores. S1805 TMG2, Shipley Far East 
Ltd. Japan) over 2/3 of the substrate surface
Spin at 500 rpm (5’’)
Spin at 4500 rpm (35’’)
Pre-baking in oven: 90 ºC (30’)
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E  Insolation time should be fixed at 3’’

Use the vacuum pump 
Switch on the switcher under the mask aligned
Substrate and mask must be aligned

 
HARD 

CONTACT BY 
VACUUM 

Vacuum at substrates ON
Chuck release ON
Mask frame lock ON
Contact (vacuum) ON
20 mmHg (P ≈ 0.7 atm)

UV insolation: 4 mW/cm2 (3’’)

 

Figure II.21. The patterned electrodes with fan-out 
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REMOVE THE 
VACUUM 

Contact (vacuum) OFF
Chuck release OFF
Turn the “N2 purge” switcher to release the substrate 
Frame lock OFF
Substrate OFF

Extract the substrate 
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MACHINE 

AND 
MIXTURE 

Mixture: ½ bottle of universal developer RS and 5 liters of distiller water (*)
Use the right keg (orange tap closed)
Switch on the heater and fix the temperature at 40 ºC (bottom O;p). The 
heater only works if the keg is full
Time is fixed at 3’’

 
 
 
 

DEVELOP. 
PROCEDURE 

Substrates are placed in the holder squeezing the screws. Introduce them 
into the keg 
The machine does not work unless the cover is closed 
The shower is switch on pressing the button O
The holder is rinsed under the shower in the left keg 
Remove the substrates and rinse them with distiller water within a plastic 
keg 

Cure in oven: 150 ºC (30’) 
Check substrates through a microscope (**)
Remove the revealing mixture from the keg
Fill the keg with water and run again the machine to clean the system (60’’) 
Hold back the water and check there is anything into the keg

W
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C
ED

U
R

E 

Acid solution (49% saturated HCl, 1% HNO3 and 50% water). Fix the temperature at 

65ºC (***) 

Dip substrates in the acid solution (55’’)

Immediately, rinse the substrates in water (use the shower available in the wet etching 

machine) 

Use a rag soaked in acetone immediately to remove the photoresist and re-wash

Check substrates through a microscope. Typical failures: holes (cutted tracks) or spots 

(shor-circuited tracks). The latter could be caused by an excess of photoresist 

Clean substrates again following the Cleaning Procedure

 

(*) If the mixture is not new, maybe it is necessary to do previously some tests to fix 

developing times 

(**) After developing process, if there are Fresnel rings at the edge of the motifs, it means the 

time is the revealing limit. So the developing time increases 1 second 

(***) If the mixture is not new, maybe it is necessary to do previously some tests to fix 

chemical attack times 
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II.3.4.3. Nanolithography 

Through personal contacts and formalized application procedures the UPM has been 

granted access to the E-line nanolithography (line resolution lower than 13 nm) at the 

Instituto de Sistemas Optoelectrónicos y Microelectrónica (ISOM – UPM).  

The process of nanolithography and the successive Reactive Ion Etching (RIE) has 

been optimized on smaller samples (100 to 200 nm thick lines of 400 µm length), and the 

mask stitching has been tested. The testing was done both by measuring the depth of the RIE 

attack using atomic force microscopy and the conductivity. 

The upscaling to the 7 m long cut that will be 

employed in order to separate the 1000 7 mm long 

electrodes is standard automated process and is not 

expected to cause major problems. It is still to be 

tested. The possibility of repeating the process for the 

production of all the required devices is still to be 

discussed in detail. The necessary masks have been 

developed (Fig. II.22).  

The reduction of the interpixel space will mean a drastic improvement in the parasitic 

diffraction caused by any dead-space between pixels. The 200 µm size interspace is a 

compromise between the minimum desired and the dielectric breakdown of the LC material. 

II.3.5. Barrier layer deposition 
In order to prevent ion leakage from the substrate glass and reduce the risks of short-

cuts, a layer of SiO2 is applied on top of the two ITO substrates. In devices where obliquely 

evaporated SiO2 or SiOX is applied for alignment this step is superfluous. 

 

BARRIER LAYER DEPOSITION PROTOCOL 
Repeat the cleaning procedure 
Apply over the substrate surface 1.8% solution in ethylene glycol n-butyl ether (Sigma-
Aldrich Co.) of sol-gel precursor for amorphous SiO2, RTZ-109 (Catalysts & Chemicals Ind. 
Co., Ltd. Japan) 
Spin at 4500 rpm (40’’) without ramp
Dry in oven: 80 ºC (5’)
Cure in oven: 200 ºC (90’) 
 

 

Figure II.22. Masks designed for 
nanolithography. The fan-out (green) 
will be done using conventional 
photolithography and the electrodes 
will be separated using 200 nm 
nanolithography (red drawn with 
exaggerated thickness)
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II.3.6. Alignment layer deposition 
The purpose of alignment layers is the conditioning of the surface to force an 

orientation of the LC. Alignment layers also determine the anchoring strength. This limits the 

response time. 

Five types of alignment materials have been employed in this work. Three of them are 

organic polymer materials: Polyimide SE-1211 and polyamides as Nylon 6 and PEDOT:PSS. 

The remaining are inorganic materials: SiO2 and SiOX.  

Organic materials are thermostable making them appropriate for work under clean 

room manufacturing conditions.  

The drawback of the polymeric alignment techniques is its last step, namely the 

rubbing process. The LC orientation depends ultimately on a mechanical buffing; such 

process may affect the sample cleanliness and incorporates an amount of ions to the 

alignment layer (even it is blowed with a deionized air gun). This may hamper the proper 

functioning of the LC cell. As seen in next chapters, the concentration of ions in the bulk and 

the ions adsorbed at the alignment layer could be responsible of the asymmetric behavior of 

some kinds of LC devices. 

II.3.6.1. Polyimide alignment 

Generally, polyimides (Fig. II.23) are formed by in situ polymerization of imide 

monomers.  

                    

(a)                                                   (b) 

Figure II.23. Structure of (a) linear polyimide and (b) aromatic heterocyclic polyimide 

 

The polyimide selected for this work is SE-1211 (Nissan Chemical Industries, Ltd. 

Japan). SE-1211 (Fig. II.24) features a long alkyl side chain, specifically designed to induce 

vertical alignment in nematics LCs. It is worth mentioning that some experiments [65] have 
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been carried out in our laboratory concerning the alignment properties of this polyimide, by 

adding a crosslinking promoter to stabilize the layer. 

Spinning, curing and rubbing parameters have already been established for high pretilt 

devices in the case of VAN cells. These aspects will improve the response time of the devices 

developed.  

 

Figure II.24. Structure of polyimide SE-1211. The alkyl chain length is n = 18 

 

POLYIMIDE ALIGNMENT PROCEDURE FOR VANs 
Apply over the substrate surface a 2% solution in DMF (Sigma-Aldrich Co.) of SE-1211 
(Nissan Chemical Industries, Ltd. Japan) 
Spin at 4500 rpm (10’’) 
Dry in oven: 90 ºC (5’) 
Cure in oven: 180 ºC (120’) 
 

POLYIMIDE ALIGNMENT RUBBING PROCEDURE  
Deposited polyimide is rubbed using an in-house machine with velvet which covers a 
rubbing wheel (Fig. II.25) 
Fix the substrate at the given direction to ensure the correct alignment direction 
Adjust correctly the height of the rubbing wheel 
Turn on the rubbing wheel 
 

 

    Figure II.25. Rubbed in-house machine 
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II.3.6.2. Polyamide alignment 

The main difference between polyimide and polyamide conditioning is that 

polyimides are customarily used as monomers, the polymerization being a step of the layer 

formation. Polyamides like Nylon 6 (Sigma – Aldrich Co.) are used in their polymeric form 

(Fig. II.26). Otherwise the deposition process is similar to others. 

 

POLYAMIDE ALIGNMENT PROCEDURE  
Mix 6 small balls of Nylon 6 in 5 ml of trichloroethanol (both from Sigma-Aldrich Co.) 
Mix during, at least, 1 or 2 days over a magnetic agitator 
Spin at 4500 rpm (30’’) without ramp 
Dry in oven: 80 ºC (5’) 
Cure in oven: 150 ºC (240’) 
Rub as the polyimide alignment rubbing procedure 

 

 

Figure II.26. Structure of polyamide Nylon 6 

 

II.3.6.3. Oblique inorganic deposition alignment 

The great advantage of inorganic material such as SiO2 or SiOX (Sigma – Aldrich Co.) 

is that these inorganic materials are less sensitive to aging caused by, e.g., UV radiation or 

highly hot environment such as inside of a projector. 

Another great benefit of aligning with inorganic materials is the accuracy with which 

it can be adjusted the pretilt angle. With thermal evaporation the pretilt angle accuracy may 

be adjusted to one degree. 

 In this work, most inorganic samples have been done with SiOX, therefore this 

procedure is illustrated below. 
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SiOX DEPOSITION PROCEDURE  
Follow the Cleaning Procedure specified above (depending on the resolution) 
Place the substrate in the vacuum chamber at a given angle between the substrate normal 
and the surface normal in order to achieve a given pretilt or the LC molecules with respect to 
the surface normal (approx. 70º for VANs and 85º for homogenously aligned materials) 
Apply vacuum: 10-6 torr 
SiOX is deposited at a rate of 1 Å/s (150 A current applied to the crucible) in order to reach a 
total of 60 Å thickness 
 

II.3.6.4. PEDOT:PSS as alignment layer 

PEDOT:PSS [poly (3, 4-ethylenedioxythiophene) poly (styrenesulfonate)] is a polymer 

commonly used in the manufacturing of organic light emitting diodes (OLEDs), where it 

works as a hole injector [66]. It has a reasonable conductivity; this feature will be discussed 

in later sections. Figure II.27 shows the chemical structure of the PEDOT:PSS.  

 

PEDOT:PSS ALIGNMENT PROCEDURE  
Put a vial with PEDOT:PSS at least 3 h in an ultrasonic bath 
Spin at 3500 or 4500 rpm (depending on the type of PEDOT) (30’’) without ramp 
Dry in oven: 110 ºC (10’) 
Cure in oven: 120 ºC (20’) 
Rub as the polyimide alignment rubbing procedure 
 

 

 

Figure II.27. Structure of PEDOT:PSS 
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II.3.7. Spacers 
In order to keep the two opposing electrodes separated uniformly at a fixed distance 

spacers have to be employed. The spacers consist of silica or plastic micro balls or cylinders 

with a calibrated diameter. Figure II.28 shows 4 µm (nominal) cylindrical spacers (Nagase 

GmbH, Japan) observed through a scanning electronic microscopy (SEM). After this 

measurement it was estimated that the actual spacer diameter was 3.7 µm.  

 

Figure II.28. SEM image of nominal 4 µm cylindrical spacers 

 

The size of the spacers determines the thickness of the liquid crystal layer (d), and 

thus the phase difference that it is possible to achieve. The choice of the spacer is thus a 

function of the birefringence (Δn) of the LC material and the working wavelength (λ). 

Theoretically, the minimum thickness should be d nλ= Δ . In practice, it is convenient to 

employ a criterion closer to 1.2d nλ= Δ since this reduces the voltage needed for the full 

wavelength switching. 

Depending on the desired thickness, the spacers used have a certain size. The different 

sizes used in the laboratory are: 0.8, 1.5, 4…20 µm. For higher thicknesses, it is employed 

the polyester film Mylar (Isovolta Group, Spain) with standard thickness such as 23, 36, 50, 

75, 100, 125, 190, 250 and 350 µm. As an alternative, standard optical fiber may be used as a 

well-calibrated homogeneous spacer of 125 µm. 

The manufactured samples typically have randomly distributed silica spacers situated 

inside the active area (60-100 spacers/mm2). These spacers occupy approximately 0.16% of 

the active area. Certain misalignment of the LC is observed in the close proximity of every 
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spacer, possibly due to flow alterations upon cell filling.  The effect has not been found 

significant. 

Spacers are usually deposited only on one of the two substrates. 

The deposition is carried out in wet, i.e. it is used a suspension of spacers in a solvent, 

such as ethanol, methanol, ethyl ether, etc, in short, solvents that evaporate quickly upon 

spraying. In this work methanol is used with the spacers in suspension. This mixture is 

subjected to ultrasounds for 1 hour to eliminate any possible aggregation of spacers that 

might have been formed. The preferred method of deposition is the direct spray through spray 

guns, such as it is showed in Figure II.29. The procedure must be done under a cover hood to 

avoid toxicity of the solvent. 

A chamber has been constructed in the laboratory for this purpose. It features a built-

in heater where aerosol dispersion is sprayed with nitrogen (Fig. II.30). Glasses are placed 

horizontally on the bottom of the chamber. Then the spacers dispersion is sprayed with 

nitrogen at the top of the camera. To achieve a homogeneous spacers distribution without 

lumps it is sprayed at 40 – 60 cm from the bottom with a nitrogen pressure of 1.5 bar for 2 

seconds. A protective plate is placed over the glass during spraying. After a few minutes, the 

plate is removed and the remaining spacers are allowed to deposit on the glass plates. At the 

bottom it shows the slot where the protective plate is removed. 

 

 

Figure II.29. Spray guns 

 

Alternatively spacers can be dispersed only in the gasket. The advantage is that the 

active surface is free from defects. The disadvantage is that the glass separation is not 
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guaranteed unless thicker glass substrates are used, in order to avoid variations in thickness 

over the device. The glass plates used in this work were found to be too thin for gasket-only 

spacing. 

 

Figure II.30. Spacers deposition chamber with the sprays guns on top. 

 

SPACERS DEPOSITION PROCEDURE  
Silica spacers 0.1% are suspended in methanol (Sigma-Aldrich Co.) overnight using 
magnetic steerers 
Immersion of vial with methanol and spacers in ultrasonic bath to eliminate conglomerates 
(60’) 
Place the substrates in spacer depositing chamber: 50 ºC 
Shield the substrates 
Inject spacer solution into chamber using pressurized air through aerograph (30’’) 
Remove substrates shield 
Leave spacers depositing (60’) 
 

II.3.8. Gasket 
The assembly of the substrates is performed through a heat-curing adhesive using a 

printing press. The cured occurs applying simultaneously heat and pressure (0.5 Kg/cm2), 

uniformly over the whole cell surface. 

Optimized mask designs has been developed in-house, manufactured based on 

serigraphic resin frames (15×20 cm2 stainless steel 400 mesh from Sefar Maissa S.A., Spain) 

using a CO2 laser (Epilog Legend Elite).  
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GASKET DEPOSITION PROCEDURE  
Mix gasket sealing glue XN-5A (Visual Display S.L., Spain) with 2% w/w silica spacers, 
corresponding to a density of 20 spacers/mm of gasket 
Apply the gasket using standard serigraphic procedures (*) 
Pre-baking of gasket: 80 ºC (30’) 
Cool to room temperature 
Align the patterned and the back electrodes 
Sandwich both electrodes and place the assembled cell inside the mesh 
Get vacuum and heat to 150-160 ºC (90’) 
Remove the vacuum and cool to room temperature 
 

(*) The substrates where the gasket will be deposit on top, should not be the substrate with 

spacers 

 In the case of gasket-only spacers, the substrates are glued with an ultraviolet curing 

adhesive (Norland 65 or Norland 68). This adhesive is mixed with spacers during 4 or 5 

minutes. After this, is deposited around the active area leaving a gate or two gates (depending 

on the LC filling technique: capillarity or vacuum) to fill the assembled cell with the LC. 

Then the adhesive is cured with the ultraviolet light gun during 5 minutes.  

Cell thickness measurement 

The thickness measurements through the spectrophotometer are easier to perform with 

empty cells, due to the maximum and minimum of the obtained spectrum are much more 

sharped than those of the filled cells, because of the refractive index difference. 

Figure II.31 shows a 4-µm empty cell spectrum. Once the transmission spectrum is 

obtained, the thickness d is calculated using (10). 

 

Figure II.31. Transmission spectrum of a 4 µm empty cell 
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II.3.9. Filling of the liquid crystal cell 
Nematic LCs generally can be filled at room temperature by capillarity. To do this, it 

is required leaving two opposite free gates in the cell and it makes the process vacuum to 

degassing the liquid crystal and there are no voids inside the cell. 

The negative nematic LC cells are much more difficult to fill. Since the LC alignment 

is homeotropic, the molecules tend to position themselves perpendicular to the glass, showing 

resistance to flow within the cell. So to fill cells with negative nematic LC, liquid crystal is 

heated below the temperature at which changes to isotropic phase. In this way the liquid 

crystal is less viscous and can flow properly within the cell. In the case of antiferroelectric 

LC the technique is the same. 

II.3.9.1. Degassing process 

The cell is attached to the plate inside the chamber and is positioned with the gate 

down. Moreover, it is also placed in a lower level with respect to the crucible to prevent 

vapors that may occur during degassing lay on the cell gate. 

Once the vacuum regime reaches 10-3 bar, the degassing process is extended to 1 hour. 

The degassing time depends on the cell size. In addition, the cell should be also degassed by 

heating to the temperature of the LC, because it may have adsorbed molecules on the inner 

walls. After that time, the crucible is heated above clearing point (about 80 ºC) and filling is 

produced.  

II.3.9.2. Filling process 

The advisable technique to fill the LC is by a vacuum process and the gasket has left a 

single gate open. 

The cell gate is dipping in the LC. Then, the vacuum is broken slowly with inert gas 

until the atmospheric pressure is reached. The cell is completed filled by the external pressure 

and the gate is inside the crucible. The outside pressure helps to fill completely the device. 

II.3.9.3. Cooling process 

The cooling is a stage that can last half an hour. The cooling must be very slow, to 

allow enough time for the liquid crystal molecules to acquire their final configuration. The 

cooling process is programmed as a set of ramps and plateaus. Plateaus are advisable near the 
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phase transition points. In the case of nematics, only one plateau is needed in the isotropic-

nematic transition. 

Finally, the cell gate is sealed with an epoxy adhesive or ultraviolet light curing 

adhesive Araldite (Huntsman International LLC, Switzerland). After this process, the cell is 

now ready for the final stages that take place outside the clean room.  

II.3.10. Device wiring 
The placement of the contacts is carried out with an ACA adhesive (anisotropic 

conductive adhesive). If pressure and heat are simultaneously applied to an ACA layer, the 

resulting cured product has the property of being conductor in the direction perpendicular to 

the layer (i.e., the direction along the applied pressure) and non-conducting in any other 

direction. Therefore no current is flowing on the plane, avoiding short-cuts in the display, but 

the connections between the substrates to switch on the pixels are established. This procedure 

solves the almost insurmountable problem of connecting several hundreds of electrodes in a 

high resolution display. The procedure is standard in display manufacturing. 

 

 

Figure II.32. Connection system with ACA adhesive to flexible printed circuit 

 

The adhesive works as follows: The ACA adhesive is a fluid with tiny suspended 

graphite or silver spheres. This adhesive does not conduct electricity because the small 

spheres are separated a certain distance. By applying pressure the spheres are approaching 

each other only in the perpendicular direction to the plane, so they are close enough to 
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conduct electricity, but only in that direction. The adhesive is cured by heat. A wiring system 

with a torque wrench is employed to place the contacts with the ACA adhesive (Fig. II.32). 

After this stage, the display is ready to be used in any electronic device. 

II.3.11. Used liquid crystal materials 
Table II.1 shows LC materials which have been used throughout this work. These LC 

materials were used for different experiments and purposes.  

 

MATERIAL Clp. ( ºC) Δn PHASE INDUSTRY 

CS-4001 96 0.2110 AFLC Chisso (Japan) 

K15 (CB5) 35 0.15 NLC Merck (Germany) 

W-1660  100 0.4 NLC MUT (Poland) 

W-168   Induced AFLC MUT (Poland) 

W-193B   Orthoc. AFLC MUT (Poland) 

ZLI-3449-100 91 0.1325 NLC Merck (Germany) 

ZLI-6204-100 63 0.1478 NLC Merck (Germany) 

Table II.1. Properties of the used liquid crystal materials 

 

The AFLC CS-4001 (Chisso Corporaton, Japan) is employed for 1.5 µm asymmetric 

cells to study the origin of the asymmetric electro-optic response, which could be caused by 

the ion accumulation in the alignment layers and the charge transport under an applied 

voltage step (chapter IV). The study of PEDOT:PSS as an alignment layer and electrode [59] 

uses the CS-4001 material as both NLC K15 (CB5) (Merck Chemicals, Germany). The NLC 

cell is used as a test cell.  

Another applications employing this AFLC material are the studies of asymmetric 

electro-optic response using slippery surface, thermally evaporated SiOX and Nylon 6 as 

alignment layers [60]; and the low threshold voltage in asymmetric AFLC devices. This last 

study is compared with the experimental induced AFLC material W–168 (Military University 

of Technology, Poland). 
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The W–193B experimental orthoconic AFLC material (Military University of 

Technology, Poland) shows a V-shape electro-optic response when the cell substrates are 

rubbed perpendicular to each other [67]. 

The high birefringence W–1660 material is a NLC synthesized by the Military 

University of Techonology (Warsaw, Poland) [68] and it is employed in the study of both 

phase and blaze gratings [69] and the optimization of their operation.  

Modal Liquid Crystal Cells (MLCLs) works with the NLC materials ZLI-3449-100 

and ZLI-6204-100 (Merck Chemicals, Germany). The first one is used for MLCL using 

PEDOT:PSS as a high  resistivity electrode [70]. Dual-voltage LC lenses employ the second 

one [71]. 

II.4. MANUFACTURED DEVICES 

II.4.1. Asymmetric liquid crystal displays 
Asymmetric liquid crystal displays are those in which the alignment layers are 

conditioned in different ways for each substrate which forms the device. Furthermore, both in 

their electro-optic response and electric current measurements (IV.2) present a clearly 

appreciable asymmetry. 

 

II.4.2. Adaptative lenses 
Liquid crystal tunable lenses appear to be one of the preferred alternatives in the field 

of millimeter-sized tunable lenses. Taking advantage of the LC optical anisotropy, these 

devices are manufactured creating a radial voltage gradient which permits to tune them. 

 

II.4.2.1. Modal liquid crystal lenses 

Modal liquid LC lenses (MLCLs) are characterized by a low resistance control contact 

and a high resistance transparent electrode, which is a conductive polymer. In this case, such 

polymer is PEDOT:PSS [6], [70], usually used as a hole injector layer in OLEDs.  

The manufacturing steps are similar to those explained above. There are three 

important differences with respect to all devices manufactured previously: the type of mask 
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[Fig. II.33(a)] which permits to remove a centered circular area of ITO; the placement of 

PEDOT:PSS between ITO and SiO2 and a very thick layer of LC (50 µm). Figure II.34 shows 

the structure of these lenses.  

 

 

                                   (a)                                                    (b) 

Figure II.33. Used masks for MLCLs (a) and dual voltage lenses (b) 

 

This type of device will be explained widely in Chapter V. 

 

 

Figure II.34. Structure of a MLCL where it can see the layout of layers 

 

II.4.2.2. Dual – voltage liquid crystal lenses 

The structure of these lenses is showed in Figure II.35. These cells not only depends 

on the thickness of the LC layers, but also on the thickness of the substrates. So it obtains 

different focal length for different glass thickness, as well as the posibility of tune the focal 

length due to the presence of a voltage gradient [71]. It is important to note that one the 

electrode is external. It means that the conductive surface of the substrate is not in contact 
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with the alignment layers (inner part of the cell). The mask used [Fig. II.33(b)] is not simplier 

than modal LC lenses mask. 

 

 

Figure II.35. Structure of a dual voltage lens where it can see the layout of layers  

 

Figure II.36 shows how both types of lenses work between crossed polarizers. 

 

 

(a)            (b) 

Figure II.36. Different configurations of MLCLs (a) using a conductive polymer as a high 
resistivity electrode and (b) dual–voltage. In the pictures, the lenses are working between 
cross-polarizers. Each ring means 2π delay. 
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III.1. INTRODUCTION 
The next step after device manufacturing is the analysis of its response as a function 

of an applied signal. Two types of analysis are presented in this chapter: the study of the light 

transmitted from a device while a signal is being applied to it (electro-optical 

characterization) and the study of charge transport through electric current measurement 

(electric characterization) while a voltage step is applied. The experimental setup is different 

on either case, although both share common LabView software which allows gathering all the 

experimental data together for analysis.  

Electro-optic characterization (III.2) provides several characteristics from the LC 

device such as hysteresis diagram, contrast ratio and grayscale. In general, results include 

static and dynamic electro-optic response as a function of an applied electric signal. 

III.3 presents a characterization setup designed to measure the ion current flows 

travelling from one electrode to another. These currents as a function of applied voltages 

provide information about ion concentration and mobility in the bulk of the liquid crystal and 

its accumulation on the alignment layers. Both ions concentration and mobility expressions 

derive from a theoretical model [72]. 

Static electro-optic response and ion current measurements of different asymmetric 

LC devices will be analyzed in IV. 

III.2. ELECTRO-OPTIC CHARACTERIZATION 

III.2.1. Introduction 
The electro-optic characterization mainly consists of the acquisition of the static and 

dynamic electro-optic response of the LCD while applying different driving voltage signals at 

a given temperature. The characterization must be framed within a display application 

(mobile phone, GPS, information panel, microdisplay for augmented reality system in 

helmet, etc.) 

A number of parameters are gathered in this characterization, ultimately determining 

the performance of the LC material and the device: hysteresis diagram, tilt angle, grayscale, 

response times, dynamic range and contrast. The hysteresis diagram and tilt angle come from 
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a quasi-static regime evaluation applying a low frequency triangular waveform. The rest 

comes from a dynamic regime evaluation applying a previously designed driving signal.  

The entire characterization process is controlled by custom software developed in 

LabView. To illustrate this procedure, a LC asymmetric cell is used. The LC material is the 

AFLC CS-4001 (Chisso Corporation, Japan). The thickness of the cell is 1.5 µm. 

III.2.2. Electro-optic measurement setup 
The characterization system is made of three types of devices: waveform generators, 

acquisition system and auxiliary systems. Waveform generators are responsible for sending 

the designed signal to the LC cells. The acquisition system is formed mainly by a microscope 

attached to an optical fiber bundle and a photomultiplier. Auxiliary systems are: temperature 

controlling, sample illumination, polarisers, filters, etc. Figure III.1 shows the complete setup 

for the LCD electro-optic characterization. 

 

 

Figure III.1. Electro-optic characterization setup 
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III.2.3. Static response 
The study of the static response includes any type of tests performed at frequencies 

significantly lower than video frequency. The information provided gives an idea of the 

operation of the material and the alignment layers used. An upper bound of 10 Hz has been 

established in order to consider a particular test as a static evaluation (strictly quasi-static). 

III.2.3.1. Hysteresis diagram 

The hysteresis diagram is the curve obtained by plotting the cell transmission against 

the voltage when the device is excited by a triangular waveform with the cell oriented at 45 

degrees with respect to a set of crossed polarizers. The waveform amplitude is chosen to 

coincide with the saturation voltage. The frequency for a static evaluation is fixed at 0.1 and 

1.0 Hz, so that different materials can be compared. 

In the case of symmetric cells with two identical alignment layers the hysteresis 

diagram is centered with respect to the ordinate axis, i.e., it is symmetric with respect to zero 

volts. However, for an asymmetric cell with two non-identical alignment layers, this diagram 

is shifted with respect to zero volts (Fig. III.2). As discussed later, this phenomenon is critical 

in asymmetric cell study because of its applicability for static imaging devices. 

 

 
                                      (a)                                                                       (b) 

Figure III.2. Hysteresis diagrams of (a) symmetric and (b) asymmetric cells 

 

III.2.3.2. Tilt angle 

The tilt angle is the angle between the molecules of each layer and the normal to the 

layer and it is a specific parameter of FLC and AFLC devices. The tilt angle is also called the 

half cone angle (Fig. III.3).  
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Figure III.3. Tilt angle (θ) formed by the normal to the LC layer (  
r 
n ) and the director of the 

molecules (  
r 
m ) 

 

III.2.3.3. Static contrast ratio measurement 

The cell contrast ratio is defined as the ratio between the transmissions of the clear 

state (ON) and the dark state (OFF). Therefore, the static contrast ratio is measured between 

the lowest and highest of the transmission when it is excited by a triangular waveform with a 

frequency of 0.1 and 1.0 Hz (quasi-static regime). Both values must be corrected for the 

residual transmission of the photomultiplier, which is calibrated at the beginning and end of 

each experiment. 

Since AFLCs are tristable, the ON will be the two ferroelectric states (F+ and F-) 

(maximum transmission) and the OFF will be the antiferroelectric state (minimum 

transmission). The typical contrast ratio of AFLC devices is in the range of 20 – 50 for 

material with a tilt angle lower than 45 degrees [73]-[75], increasing to several hundred in 

orthoconic materials having 45º tilt angle. 

The contrast ratio, of course, depends not only on the material, but also on the 

alignment layer, the polarizer quality and the applied voltage.   

The contrast ratio of Vertically Aligned Nematics (VANs) is worth mentioning. Since 

in the relaxed state the VAN molecules are oriented perpendicular to the surfaces, the OFF 

state presents a very dark black, unlike that presented in other liquid crystals with positive 

dielectric anisotropy. The contrast ratio for VANs can range from 300 to 3000. But the 

contrast ratio can reach to 8000 – 10000, in case of a very low pretilt angle.  

Typical values of different configurations are shown in the Table III.1. 
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Device Phase 

Modulator 

FLC AFLC Orthoc. 

AFLC 

VAN 

Contrast ratio < 50 200 20 – 50 200 300 – 3000  

 

Table III.1. Typical contrast ratios of different LC devices within a static regime 

 

III.2.4. Dynamic response  
The dynamic response can be considered as a set of tests at frequencies above 10 Hz. 

The final value chosen to perform the dynamic characterization will depend on the 

application of the material. Generally, upper limits of frequencies for video rate of 60 Hz or 

even 180 Hz for sequential color can be set. To produce a grayscale a set of voltage steps 

with a certain time length is employed. This train of pulses constitutes the applied addressing 

waveform. The waveform design should take into account the following points: 

a. Limits of the material: Although the static response provides a basic information 

as an initial starting point, for a dynamic study it is more important the V – t plot 

[76]. This curve establishes the switching voltage required for a certain pulse 

width. 

b. Specifications of the application: For a certain type of cell developed in this work, 

such as asymmetric AFLC cell, it is necessary to know how the response of the 

material at a video frequency is. 

 

III.2.4.1. Waveform 

The design of the waveform depends on the material. The waveform used for a NLC 

electro-optic characterization is different from the one used for an AFLC.  

In the case of AFLCs, the excitation signal should include a selection pulse with the 

time slot span. The function of the selection pulse is to excite the specific pixels of each row 

making them to reach the gray level. The duration of the selection pulse must be equivalent to 

the time slot of the row based on the desired display resolution: its value is at most the 

dynamic saturation voltage of the material. Part of the remaining frame time will be used to 

maintain the gray level reached using a holding voltage (bias): such voltage is approximately 
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90% of the frame time and reaches a value corresponding with the transmission stabilization 

voltage for all gray levels. The proper bias voltage is that which reproduces the transmission 

of horizontally balanced gray levels in all cases. Otherwise, this voltage must be chosen that 

balanced perfectly the dark state. The dark state should carry on the least possible 

transmission. If the display works without a holding voltage (biasless), the exited 

ferroelectric state decays during the frame. In order to leave the row ready to receive next 

corresponding frame, a timeslot is dedicated to erase (reset) the previous information: Pulse 

or set of pulses erase the memory of the material and lead to a common state to ensure the 

reproducibility of each gray level regardless of previous state of the material. Its value is zero 

volts and should last between 6% and 10% of the frame time. 

Experimentally, that waveform has been optimized [77]-[79] including a well: a pulse 

whose polarization is opposite to the selection pulse. Usually is placed between bias and reset 

pulses. The nature of well pulse depends on the LC – alignment layer interaction and the 

relaxation time may decrease up to an order of magnitude [80]-[82]; this strategy is also 

called forced relaxation [83]. 

To avoid the degradation of the LC cell produced by the one-way ion migration, it is 

necessary to complete that waveform introducing a sequence of pulses identical and opposite 

polarization with respect to the previous (DC compensation). It is essential that the real 

response of the material should be completely symmetric; otherwise it produces a 

transmission alternating between positive and negative cycles whose frequency is half of the 

frequency frame, producing a flickering effect. 

In summary, the applied scheme of the waveform for AFLC devices can be described 

as follows (Fig. III.4) [77]: 

• A first selection pulse (1) Valid to drive the selected pixel to a first activated state. 

• A first bias pulse (2) valid for the selected pixel to hold a predeterminated 

grayscale level. 

• A first erasure pulse (3) of opposite polarity to that of the first selection pulse (1) 

to erasure the memory of the selected pixel and to switch the pixel to a relaxed 

inactive state. 

• A reset pulse (4) to reset the pixel to in the relaxed state. 

• A repetition of the above but with opposite polarity (pulses 5 to 8) 
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The grayscale is achieved by applying a data-voltage to the counter electrode, which 

subtracts from the saturating selection pulse. The data-voltage determines which hysteresis 

curve is exited, and thus which gray level is chosen.  

 

Figure III.4. Waveform configuration for AFLC devices 

 

III.2.4.2. Response time measurement 

The time elapsed between 10% and 90% of the maximum transmission in the 

grayscale developed is used as a time response criteria. The rise time (τrise) is related to 

response against an applied selection voltage, and the fall time (τfall) to the time spent in the 

material relaxation (Fig. III.5).  

The response time decreases with increasing the spontaneous polarization or the 

applied voltage (torque produced by the applied electric field and the spontaneous 

polarization of each molecule). The response time also decreases when the rotational 

viscosity decreases [84]. The change in viscosity is responsible of the substantial reduction of 

the response times with increasing the temperature. The return to equilibrium position is 

governed by a torque of elastic and viscous forces [85], [86]. 
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Figure III.5. Rise and fall times for an AFLC device filled with CS-4001 

 

III.2.4.3. Dynamic contrast ratio 

The measured contrast ratio in the static regime is quite different from the dynamic 

contrast. At low frequencies the complete relaxation of the molecules is possible. While in 

the dynamic regime, at video frequencies, the molecules have not enough time to relax 

completely. So the dynamic contrast ratio will be lower than the static contrast. 

III.2.4.4.  Dynamic grayscale 

In the Figure III.6 the different transmissions obtained for each gray levels of a 

dynamic characterization can be seen. By integrating these transmissions, point values are 

obtained in arbitrary units whose graphical representation in terms of the voltage is the 

grayscale of the material and the alignment layer (Fig. III.7). It should be noted that the 

evolution of the grayscale with voltage is nonlinear.  
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Figure III.6. Transmission lines obtained with the standard waveform applied to an AFLC 
device filled with CS-4001 whose alignment layers are Nylon 6 using SiO2 as barrier layers 

 

The dynamic range (D.R.) can be defined as the range of voltages necessary to travel 

the full range of grays. In other words, it is the difference between data voltages required to 

reach 10% and 90% of transmission. 

 

Figure III.7. Dynamic grayscale for several AFLC devices filled with CS-4001 whose alignment 
layers are Nylon 6 using SiO2 as barrier layers, plotted as a function of the voltage applied 
during selection (Selection voltage minus data voltage) 
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III.2.5. Automated characterization system 
After reviewing the guidelines to be considered for an electro-optical characterization, 

the automated characterization system is shown [87]. 

A complete program suite for the automated characterization of LCDs has been 

developed in the LabView environment. It includes routines for basic electro-optical 

characterization, i.e., generation of transmission-voltage curves applying triangular 

waveforms while measuring the switching voltages. Moreover, it provides an easily 

accessible interface for design of arbitrary waveforms, both for active matrix addressing 

 

Figure III.8. Digest of the characterization of an asymmetric AFLC display addressed by row 
and column: (a) the waveform (row) and the data line (column),(b) the optical response when 
varying the data pulse amplitude, (c) the dynamic grayscale, (d) the pulse sequence, (e) and 
(f) quasistatic hysteresis loops (0,1 Hz and 1.0 Hz, respectively)  
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(often necessary in nematic LCDs) and for passive matrix addressing (applicable to ferro- and 

antiferroelectric LCDs as well as some nematic LCDs). 

The software includes automated methods for generation of dynamic grayscales, for 

measurement of gray-gray transition times and for analysis of image sticking. 

III.2.5.1. Initial waveform design 

The central user interface is the Characterization Sheet (Fig. III.8) which includes a 

digest of the data acquisition or of the loaded data. This interface is the main interface from 

which the user decides what action to execute. This action may be design of waveform, 

capturing of response, saving or loading data, or exporting data in graphic or text format. 

The waveform design interface is the core of the program (Fig. III.9). In this interface, 

the fundamental pulses, Master Pulses (a structure or “cluster”, consisting of name and initial 

amplitude and duration), that are going to be employed in the waveform are being defined. In 

the successive optimization and characterization procedures, the Master Pulse amplitude and 

duration may be changed. 

The Master Pulses can subsequently be combined and scaled both in amplitude and in 

duration in order to generate short sequences. Both the sequences and the Master Pulses can 

then be used as building blocks in the final design of the Master Waveform. The possibility of 

scaling the duration and amplitudes of the master pulses and sequences in the waveform 

design makes it trivial to design a waveform that is intrinsically DC-compensated, even if, 

during the optimization of the waveform, the amplitude or duration of the original master 

pulse is changed. 

The master waveform determines the time slots for any secondary waveform that the 

user wishes to generate. The amplitudes of the pulses in the secondary waveform are 

determined by the chosen master pulse with optional scaling. The possibility of designing 

secondary waveforms is intended to be used in characterization of devices with more than 

one pixel. The secondary pulses may represent either neighboring pixels in an active display 

where the pixels are being addressed independently or may be used to simulate a 2D 

multiplexed system where the pixels are being addressed in columns and rows. 
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Figure III.9. Waveform design: (a) The Master Pulses, (b) optional sequences, (c) Master 
Waveform (sequences not used in this case), (d) resulting master waveform pulse sequence, 
(e) secondary waveforms and triggers (f) timeline (µs) with pulses, (g) pulse sequence (pulse 
duration adapted to improve visibility 

 

During the design of the waveform(s) it is often desirable to do a coarse optimization 

of the various pulses, and/or change the pulse sequence of pulses in the waveform. The 

interface provides this by permitting sending data to the waveform generator without 

subsequent data capture. Only during the design of waveform it is possible to change the 

pulse sequence. However, in subsequent optimizations it is always possible to eliminate 

pulses by assigning them zero duration. 

The code underlying this interface is responsible for translating the sequence and 

scaling into pulse amplitudes and durations, that in turn are being passed on to the routines 

specific to the waveform generators. 
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III.2.5.2. Optimization of waveform and grayscale generation 

Although the first steps of the optimization are already done during the design of the 

waveform, the major bit is done during the dynamic characterization where relaxation and 

integrated intensities become clear. The interface (Fig. III.10) allows for alterations in all 

master pulse durations and amplitudes, both static (common to all the experiments) and 

dynamic (changed between experiments). Virtually all pulses are subject to optimization in a 

complex symmetric waveform (i.e. a waveform that is repeated with inversion of polarity), 

like the one depicted in Figure III.9. The ultimate aim is to achieve a waveform that provides 

a small dynamic range (the voltage range between an OFF and an ON pixel), a bright ON 

state a dark OFF state, and little or no memory between frames, so that the intensity of any 

given pixel in one frame does not depend on the previous history of the same pixel. 

 

Figure III.10. Grayscale generation: (a) The Master Pulses can be varied automatically in a 
linear fashion or by manually editing the experiment list (b), (c) the labeling of the experiment 
for the generation of grayscale, (d) the captured data of the current experiment, i.e. the optical 
response, the waveform and the secondary pulse, (e) the captured optical responses of all the 
executed experiments, (f) graphical presentation of the various experiments, (g) the resulting 
grayscale generated at the end of all execution of all experiments 
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Figure III.11. Memory test: (a) the user defined sequence of frames, typically 10 bright and 10 
dark frames. The captured intensity response (b) and waveform (c). (d) Schematic showing the 
proposed pulse variation. (e) The waveform sent to the waveform generator. Note how the 
display takes several frames to return to the relaxed state. In a display this would correspond 
to image sticking 
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The dynamic characterization interface generates the Master Pulses variations, which 

via the Waveform Generator are sent to the waveform generator. It generates the necessary 

data for preparing the acquisition device (typically an oscilloscope or a data acquisition card), 

for the data capture, and finally it coordinates the generator and the acquisition device. 

 

Once the user has decided for a sequence of experiments to carry out the program 

executes each experiment in the order of a few seconds, and generates the grayscale is 

completed in less than 3 minutes. Using non-automated user interfaces grayscales were 

generated in 3 – 4 hours. 

III.2.5.3. Memory testing and gray-gray transition times 

Two interfaces have been developed in order to characterize the dynamic behavior of 

the device as if it were to be used in a live image display. Both interfaces make use of a 

subroutine that concatenates waveforms with modified Master Pulses, e.g. as typically used 

in the memory test interface (Fig. III.11), 10 frames with a data pulse corresponding to the 

dark state are followed by 10 frames corresponding to the bright state. 

The memory test interface has been developed with AFLC displays in mind. These 

displays are generally very fast, but show a poor contrast. The numeric output of the memory 

test shows how many frames are needed for complete relaxation of the display. The memory 

test illustrates if the display characteristics changes after longer periods of dark or bright 

frames. 

The Gray-Gray interface (Fig. III.12) characterizes the transition between gray levels, 

including the brightest and the darkest. The user select a number of levels, and the program 

combines them pair wise, and deduce the transition times based on the measured optical 

response. 

The drivers required for two waveform generators (WFG500 FLC Electronics, 

Sweden and the SRS345 Standford Systems, Inc. USA), as well as the drivers for one 

oscilloscope (Tektronix TDS714L), have been incorporated into the program. Currently more 

drivers are being incorporated in order to make the software more generally applicable to 

electro-optics characterization as well as ion current measurements (section III.3.2.2). 
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Figure III.12. Gray to gray transition interface: (a) the light or voltage levels that the user want 
to examine. The program then generates waveforms corresponding to all the binary 
combinations of chosen levels. (b) The captured intensity response. (c) The calculated 
transition times. Note that not all the transitions to and from 0% intensity are reached within 
one frame (16.6 ms) 
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III.3. ELECTRIC CHARACTERIZATION 

III.3.1. Introduction 
The existence of free charges within an LC in an electric field can cause various 

phenomena which particularly affect the light transmission and the device behavior. 

Depending mainly on the charge concentration and mobility, effects such as drift, diffusion or 

electric field screening can be decisive. Because of low charge concentrations in these 

devices, the resulting currents will be small (from picoamperes to microamperes per cm2). 

Furthermore, at different timescales (from milliseconds to hours), currents provide different 

information. Hence a specific setup able to measure low currents at wide time range should 

be used. 

Measurements consist of the capture of currents as a response to applied voltage steps 

on the device electrodes [72], [88]. 

Electric characterization was done in the Liquid Crystal and Photonic group at the 

Electronic and Information Systems Department (Ghent University, Belgium), where electric 

current measurements of different asymmetric AFLC devices were carried out. After this 

stay, the work continued by performing the same type of measurements with a similar setup 

at the Grupo de Fotónica Aplicada (Universidad Politécnica de Madrid, Spain). Both setups 

work similarly in a same way but their structure is slightly different. 

The setup described in III.3.2.1 is the same as described in [72]. III.3.2.2 shows an 

alternative configuration. To differentiate them, the first one will be called Setup A and the 

second Setup B. Resulting measurements will be shown in IV. 

III.3.2. Ion current measurement setups 

III.3.2.1. Setup A 

Setup A is showed in Figure III.13. Although main characteristic are highlighted later, 

an extensive description of the setup is well shown in [72]. The resulting voltage is then 

measured by different instruments: 

 0-100 ms range: Measured by four oscilloscope channels with a 50 µs time resolution: 

o First channel measures in the range of ± 200 V with a resolution of 0.5 V 

o Second channel measures in the range of ± 20 V with a resolution of 50 mV 
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o Third channel measures in the range of ± 2 V with a resolution of 5 mV 

o Forth channel measures in the range of ± 0.2 V with a resolution of 0.5 mV 

 10 ms-1.5 s range: Measured with a time resolution of 1 ms by a Keithley 2000 digital 

multimiter which can measure up to 200 V with a resolution of 0.1 mV. 

 More than 1 s: Measured with a time resolution of 0.1 s by the second stage of the 

electrometer, which can measure up to 200 V with a resolution of 5 µV. 

 

 

Figure III.13 – Schematic overview of the electrical current measurement through Setup A 

 

The whole setup (control and synchronization of instruments, waveform generator, 

etc) is controlled by a LabView program. This program combines the measurements of the 

various instruments providing one plot for the current over all timescales. 

III.3.2.2. Setup B 

Ion current acquisition Setup B (Fig. III.14) is based on a variable-gain high speed 

current amplifier DHCPA-100 (Instrumentos a Medida, S.L., Spain) and a data acquisition 

card BNC-2110 (National Instruments, USA) for the short time measurements. After these 
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milliseconds, a switcher changes very quickly to connect to the sub-femto ammeter Keithley 

6430 (Keithley Instruments, Inc., USA) employed for long time current measurements.  

Both the high speed current amplifier and the sub-femto ammeter convert the current 

into a voltage. The resulting voltage is then measured by different instruments: 

 0-100 ms range: Measured by a high speed current amplifier. These data are collected 

by the computer through a data acquisition card. 

 Since 50 ms onwards: Measured by a sub-femto ammeter up to 211 V with a 

resolution of 1 µV. We can measure ionic currents from 10 aA to 105.5 mA 

The high speed current amplifier provides a wide range of values which can help to 

adjust to optimal conditions, for either low noise (Table III.2) or high speed (Table III.3) 

 

 

Figure III.14 – Schematic overview of the electrical current measurement through Setup B 

 

A LabView program is employed for control and synchronization of all instruments. 

This program combines the measurements of both high speed current amplifier and sub-femto 

ammeter resulting one curve for the current over all timescales. 
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 (low-noise) (V/A) 102 103 104 105 106 107 

Upper cut-off 

frequency (-3dB) 
280 MHz 80 MHz 14 MHz 3.5 MHz 1.8 MHz 220 kHz 

Equ. input noise 

current (/√Hz) 
200 pA 

(@1MHz) 

16 pA 

(@1MHz) 

2.1 pA 

(@1MHz) 

500 fA 

(@10kHz)

170 fA 

(@10kHz) 

60 fA 

(@10kHz)

Maximum Input 

current (±) 
10 mA 1 mA 0.1 mA 10 µA 1 µA 0.1 µA 

Table III.2 – Gain settings of the DHPCA-100 response to the low noise 

 

(high-speed) (V/A) 103 104 105 106 107 108 

Upper cut-off 

frequency (-3dB) 
175 MHz 80 MHz 14 MHz 3.5 MHz 1.8 MHz 220 kHz 

Equ. input noise 

current (/√Hz) 
140 pA 

(@1MHz) 

6.0 pA 

(@1MHz) 

1.5 pA 

(@1MHz) 

450 fA 

(@10kHz)

150 fA 

(@10kHz) 

55 fA 

(@10kHz)

Maximum Input 

current (±) 
1 mA 0.1 mA 10 µA 1 µA 0.1 µA 10 nA 

Table III.3 – Gain settings of the DHPCA-100 response to the high speed 

 

III.3.3. How to interpret the ion current measurements 
Figure III.15 shows a typical current measurement obtained with the setups described 

above. Each part of the curve is related with different charge transport mechanisms. At a 

small timescale, the current is mainly the result of the movement of charges that are initially 

present in the device. This electric current decreases as charges assume a new equilibrium 

position. For a higher timescale, the current is a result of charges movement generated during 

the measurement. These currents decrease much slower and continue several hours.  

To interpret ion current measurements, it is firstly necessary to understand the physics 

behind this phenomenon. Here we adopt the model derived by [72]. From it, two parameters 

are extracted, ions concentration (11) and mobility (12): 
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Figure III.15 – Typical electric current measurement 

 

where Z (dimensionless) is the valency of charges (we assume that Z = 1), qe (C) the 

elementary charge, Sel (m2) the electrode surface area, d (m) the cell thickness, I  (A) the 

measured electric current, I(tss) (A) the electric current at the time where steady state regime 

begins (tss) and VA the applied voltage.  

In summary, employing the analysis used in [72], both concentration and mobility of 

ions are derived. Such parameters are obtained from the transient part of the electric current 

measurement. They must be calculated for higher voltages to be sure that all ions have moved 

to the sides of the device. This charge is equal to the total amount of charges in the LC which 

is necessary to calculate the ion concentration. Therefore, ions concentration and mobility 

provide information about charge content and the relationship between the speed of charges 

and the electric field magnitude.  



LIQUID CRYSTAL PHOTONIC DEVICES BASED ON CONDUCTIVE POLYMERS 109
 

 

 

 

 

 

 
 

 

 

 

IIVV..  UUNNCCOONNVVEENNTTIIOONNAALL  
AALLIIGGNNMMEENNTT  TTEECCHHNNIIQQUUEESS  

FFOORR  AAFFLLCCss  AANNDD  
OORRTTHHOOCCOONNIICC  MMAATTEERRIIAALLSS  

 

 

   

 

 

 

 

 

 



110 IV. UNCONVENTIONAL ALIGNMENT TECHNIQUES FOR AFLCS AND ORTHOCONIC MATERIALS 

 

 

IV.1. INTRODUCTION 
Manufacturing and further characterization of asymmetric liquid crystal devices are 

one of the main lines in this work. Several series of AFLC devices with dissimilar alignment 

layers have been created and their electro-optical responses have been obtained. Moreover, an 

electrical characterization based on the analysis of electrical currents has been carried out. In 

this chapter two principally AFLC alignment studies will be presented: 

1) Asymmetric cells, where the two alignment surfaces are different leading to an 

improved dark state and an asymmetric electro-optical response. These cells have 

undergone thorough electrical studies in order to determine the origin of the 

asymmetrical response. 

2) Induced V-shape orthoconic cells, where high tilt materials introduced between 

substrates rubbed in a particular manner can change the electro-optical nature of 

the cell drastically 

The asymmetry of these AFLC devices is based on the use of different alignment 

layers deposited on either substrate. Depending on the device, the alignment layers can be 

dissimilar materials or differently buffered layers of the same material [67]. As expected, 

asymmetric electro-optic and electric responses are obtained. The asymmetric response is 

caused by the deposition of different materials over each substrate, but internally, several 

microscopic phenomena occur.  

Among the mechanisms of asymmetry, the spontaneous polarization and ion-related 

phenomena are highlighted. In surface-stabilized AFLC devices, the spontaneous polarization 

is linked to the interaction between the LC and the alignment layers. Therefore it is directly 

related to the anchoring strength. Using the characterization techniques showed in the 

previous chapter, effects caused by spontaneous polarization and charge transport cannot be 

distinguished. However, according to [89] and [90], asymmetric cells filled with nematic LCs 

–i.e., in the absence of spontaneous polarization– present asymmetric response. Hence their 

asymmetric effect is exclusively caused by ion effects. In AFLCs spontaneous polarization is 

responsible for the widening or narrowing of the hysteresis lobes [91], but when working 

below the threshold value we will assume that ions effects dominate over spontaneous 

polarization. The ionic effects include adsorption of charges on the alignment layers, drift and 

diffusion leading to leakage currents and screening of the electric field. 
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When applying an electric field, injected charges, and charges present in the LC bulk 

move and interact between themselves and with the layers adjacent to the LC. Changing the 

polarity of the field, the movement of these charges is reversed. If it were a symmetric cell, 

responses for both field polarizations would be equal. However, in asymmetric cells the fact 

that the layers deposited over electrodes have different nature causes a different charge 

behavior for the two field polarizations. This is well explained graphically and quantitatively 

by analyzing the electro-optical and electrical responses.  

Through an electro-optical characterization, it is possible to observe a shifted 

hysteresis curve (quasi-static electro-optical response) with respect to 0 V. Depending on the 

alignment layers used, this displacement will be higher or lower in voltage., 

The electrical characterization illustrates that both transient and steady state currents 

measured (I-t curve) are slightly different for each field polarization. In addition, the I-V 

curve shows that the slopes of negative (V <0) and positive (V> 0) branches are clearly 

different. For a symmetric cell both slopes should be equal. 

In this chapter, the study of a number of series of AFLC devices is presented. Their 

electro-optic response along with their electrical response is shown.  

Section IV.2 shows the resulting electro-optic and electric characterizations of the 

manufactured series. Using Nylon 6 as a reference electrode, the asymmetry-inducing layers 

are: silicon oxide (SiOX), slippery surface (SLS) and a conductive polymer (PEDOT:PSS). 

The latter will serves as a nexus for the next chapter where the development and study of LC 

photonic device based on conductive polymers are further explored. 

Comparing different electro-optic responses and different electric current 

measurements, asymmetry mechanisms depending on the alignment layer are proposed. 

Asymmetric devices with PEDOT:PSS are the origin of a new research line in LC 

devices based on conductive polymers. Consequently, section IV.2.4 is an extensive study of 

the PEDOT:PSS behavior. In this case, the conductive polymer can work simultaneously as 

an alignment layer and as an electrode, paving the way to many applications such as flexible 

and tunable devices. IV.3 shows a special case where an induced V-shape is performed 

buffering the alignment layers with different procedures. 
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IV.2. ASYMMETRIC BEHAVIOR DEPENDING ON THE ALIGNMENT 
LAYER 

IV.2.1. Introduction 
As said above, different series of asymmetric AFLC devices, whose thickness is 1.5 

µm, are characterized. Each series has dissimilar alignment layers (Fig. IV.1), although one 

of their layers is common for all devices. Such layer is Nylon 6 (Sigma-Aldrich Co.) with a 

concentration of 14 g/L. 

 

 

Figure IV.1. Typical structure of an asymmetric LC device. The X layer refers to the different 
alignment layers: SiOX, SLS or PEDOT:PSS. Nylon 6 is common in all devices.  

IV.2.2. SiOX as alignment layer 
SiOX is a non-stoichiometric evaporated oxide. SiOX is deposited by thermal 

evaporation; a 100 Å thickness has been used in all cases [78]. The evaporation angle was 85 

degrees allowing orientation with nearly zero pretilt. 

IV.2.2.1. Electro-optic response 

The static electro-optic response is obtained with the setup specified in section III.2. 

Figure IV.2 shows the resulting hysteresis diagram after applying a 1 Hz triangular 

waveform. As seen in the figure, the transmission levels are not balanced. For low voltages, 

only the positive lobes are being exited. Increasing the applied voltage up to 12 V, different 

transmission levels of the negative lobe starts to appear while the positive lobe saturates. 

Therefore, there is a voltage range for which light transmission occurs for positive voltages 

only, while the sample remains unswitched for negative voltages. This is explained because 

the effective electric field, as seen by the LC, is different to the externally applied field (for 

each polarization). 
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Figure IV.2. Hysteresis curve of Nylon 6/CS-4001/SiOX cell employing a 1 Hz triangular 
waveform. Each color refers to transmission for different voltage values. 

 

In addition, the hysteresis curve is shifted to negative voltages (Fig. IV.2). The shifted 

voltage is calculated as  

 
2

TH THV V
V

− +−
Δ =      (13) 

and, in this case, it presents a value of ΔV = 1.75 V. 

The electrode where Nylon 6 was deposited is the reference electrode, i.e., positive 

polarization refers to a positive field applied to the Nylon electrode. If the electrodes were 

interchanged, the hysteresis curve would be obviously shifted to positive voltages.  

IV.2.2.2. Ion current measurements 

Using the setup presented in III, the electric current measurements for devices whose 

asymmetry-inducing layer is SiOX are presented in Figure IV.3. The higher applied voltage is 

10 V. This plot shows a similar behavior of the current for both polarizations. It means that 

electric current do not present a high asymmetry at that voltages. 

Plotting the curve I-V at higher time scale (therefore, taking into account only the 

steady state current) a slight difference between slopes for V < 0 and V > 0 (Fig. IV.4) is 

observed; while for voltages close to 0 V, electric currents are almost equal. 

To calculate both ions concentration and mobility (11) and (12) are used respectively. 

The ion concentration is usually in the range of 1016 m-3 to 1022 m-3 [92]. Taking into account 

that the pixel area is 1 mm2 the values obtained are: n  = 8·1022 m-3 and µ = 4·10-10 m2V-1s-1. 



114 IV. UNCONVENTIONAL ALIGNMENT TECHNIQUES FOR AFLCS AND ORTHOCONIC MATERIALS 

 

 

 

Figure IV.3. Electric current measurements of cells which are using SiOX as alignment layer for 
positive (red) and negative (black) voltages. 

 

Therefore, the charge injection for both polarization is almost similar, as well as the 

electric field shielding.  

 

 

Figure IV.4. I-V plot for the steady state regime of a cell with SiOX as alignment layer over one 
substrate.  
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IV.2.3. Slippery surface as alignment layer 
An alternative alignment conditioning generating asymmetric AFLC response with 

large hysteresis shift has been used. It consists of replacing the thermally evaporated 

inorganic oxide by a spin coated fluorinated block copolymer (FBCP) [61]. Fluorinated 

polymers exhibit very low values of surface tension (γs < 15-20 mN/m) [93]-[95] and might 

be exploited for new alignment layers of liquid crystals cells with slippery surfaces. A long 

term multistable gray level tuning of voltage shift when using the FBCP as a low energy 

surface has been obtained as well [60]. 

Asymmetric cells were prepared using dissimilar surface-anchoring on both sides of 

the cell. Homogeneous planar alignment was induced on one of the ITO coated glass plates 

by spin-coated Nylon6 dissolved in trichloroethanol (14 g/L). A fluorinated polystyrene block 

copolymer was spin coated on the opposite glass plate. The cells were filled with the AFLC 

CS-4001.  

IV.2.3.1. Electro-optic response 

As in the previous case, there is a voltage range for which optical transmission is 

shown only in the positive lobe. Increasing the applied voltage up to 10 V, different 

transmission levels of the negative lobe starts to appear while the positive lobe saturates. 

Therefore, there is also a voltage range for which light transmission occurs for positive 

voltages only, while the sample remains unswitched for negative voltages. The curve is 

shifted 1.25 V to negative voltages (Fig. IV.5). 

 

 

Figure IV.5. Hysteresis curve of Nylon 6/CS-4001/SLS cell employing a 1 Hz triangular 
waveform. Each color refers to transmission for different voltage values. 
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IV.2.3.2. Ion current measurements 

Following the same procedure as presented above, results of the electric current 

measurement at 10 V are shown in the Figure IV.6. In this plot, the difference for both 

polarizations is observed. Transient and steady state currents for negative voltages present 

higher values than for positive voltages. 

 

 

 

Figure IV.6. Electric current measurements of cells which are using SLS as alignment layer for 
positive (a) and negative (b) voltages. 

 

Taking into account the steady state current, the I-V plot is obtained (Fig. IV.7). For 

both low and high voltages the asymmetry is remarkable. The fact that electric current is 

higher for negative voltages than positive voltages means that for negative voltages there is a 

high flux injection of charges which causes the electric field shielding onto the SLS layer.  

Given the pixel surface 1 mm2, it follows from (11) and (12) that the values of ions 

concentration and mobility are n  = 3·1020 m-3 and µ = 10-9 m2V-1s-1. Even if there is a high 

charge content, the value of ions concentration is lower than the previous case. Consequently, 

the mobility is larger than in SiOX cell. 
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Figure IV.7. I-V plot for a cell with SLS as alignment layer over one substrate 
 

IV.2.4. PEDOT:PSS as alignment layer and electrode 
IV.2.4.1. Introduction 

PEDOS:PSS [poly (3, 4-ethylenedioxythiophene) poly (styrenesulfonate)] is a 

polymer commonly used in the manufacturing of organic light emitting diodes (OLEDs), 

where it works as a hole injector [66]. A study of the properties of PEDOT:PSS surfaces on 

several LC materials has been initiated. The next points show the preliminary results of this 

study applied to NLCs and AFLCs. 

Conventional alignment techniques used with LC devices are buffered polyimide or 

Nylon coating of the surfaces. In order to improve the contrast of LCs displays, the use of 

dissimilar alignment conditioning the two aligning surfaces has been previously studied [60]. 

The reference electrode is always coated with rubbed Nylon 6 and the other electrode is 

coated with polyimide, un-rubbed Nylon 6, angular evaporated SiOX or fluorinated co-block 

polymers [61]. These configurations all improved the alignment of the AFLCs and produced 

an important reduction of the inherent AFLC pretransitional effect. In addition, a voltage shift 

of the AFLC electro-optic response was observed in all cases [78]. This asymmetric response 

leads to a number of new addressing modes, ranging from quasi-static multi-stable images 
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with no holding (bias) voltage, to low power consumption passively-addressed multiplexed 

video-rate displays [97]. 

PEDOT:PSS shows an asymmetric behavior as in previous cases, with the added 

feature that the surfactant has a certain conductivity.  

From the electrical behavior of the PEDOT:PSS one could expect that the injected 

charges in the PEDOT:PSS would induce a shift of the electro-optic response [98]. In order to 

analyze this effect separately from the effect of spontaneous polarization of the AFLC, both 

cells with NLC and AFLC have been studied. 

In all experiments it was observed a certain ability of buffered layers of PEDOT:PSS 

as aligning layer. Several experiments have been carried out varying the PEDOT:PSS layer 

thickness in order to analyze its effect on the electro-optical response. The PEDOT:PSS 

conductivity and its possible use as an electrode has been studied as well. 

 

IV.2.4.2. Electro-optic response 

The asymmetric cells consist of a rubbed and cured spin coated Nylon 6 (14 g/L) layer 

on one of the ITO – glass substrates, and rubbed and cured spin coated PEDOT:PSS layer (or 

several layers) on the other substrate. The cured PEDOT:PSS single layers were measured to 

be 60 – 80 nm thick. A linear relationship between number of layers and total thickness was 

established. 

Two different liquid crystals were used, the AFLC CS-4001 (Chisso Corporation, 

Japan) and the NLC K15 (CB5) (Merck Chemicals, Germany). 

Conduction experiments have been done using the same configuration as before, but 

using glass without ITO on the PEDOT:PSS side. Finally, symmetric cells, PEDOT:PSS 

only, were also tested. These cells aligned K15 correctly, but provided only a poor alignment 

of CS-4001. 

a) Nematic liquid crystal (K15 CB5) 

The configuration of these cells was with one PEDOT:PSS layer only and the nematic 

K15 (CB5). The cell thickness was 4 µm. The substrates were buffered in an anti-parallel 

manner and the structure of the cell was homogenous. 
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Figure IV.8, shows the electro-optical response of the cell placed at 45 degrees between 

crossed polarizers. Applying a 0.1 Hz frequency triangular waveform [Fig. IV.8(a)] the cell 

behaves like a variable linear retarder. When unswitched, the retardation of the cell exceeds π 

corresponding to the peaks seen in the figure. Increasing the applied voltage, the 

birefringence and hence the transmission is reduced, until the cell is fully switched. 

 

 

(a)                                                                               (b)  

Figure IV.8. Optical response obtained for the Nylon6/K15/PEDOT:PSS (1 layer) configuration. 
Triangular driving waveforms were employed: (a) 0.1 Hz and (b) 1.0 Hz. The arrows indicate 
increasing voltages (black arrows) and decreasing voltages (grey arrows). 

 

b) Antiferroelectric liquid crystal (CS-4001) 

Three different configurations employing AFLC and PEDOT:PSS were studied: 

• GLASS / ITO / PEDOT (1 layer) / CS4001 / Ny6 / ITO / GLASS – identical cells as 

in the NLC experiments where filled with the AFLC CS-4001, but 1.5 µm thickness. 

The electro-optical response was analyzed by a dynamic characterization [Fig. 

IV.9(a)] and the hysteresis curve was obtained [Fig. IV.9(b)]. A shift of 2 V of the 

hysteresis curve towards negative voltages can be observed. The negative shift of the 

hysteresis curve increased with time, the cell was exposed to a saturating triangular 

waveform (35V amplitude). A shift of initially 2 V increased to 2.9 V in the first ten 

minutes and remained stable hence forth [Fig. IV.9(c)]. If the cell is unplugged, it 

returns to its original state in a few hours. 
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(a) 

 

(b) 

 

(c) 

Figure IV.9. (a) Dynamic characterization of the CS-4001 for GLASS/ITO/PEDOT (1 
layer)/CS4001/Ny6/ITO/GLASS configuration, indicated driving waveform was employed (16 ms 
biasless); (b) hysteresis curve for AFLC CS-4001 where a triangular driving waveform was 
employed (0.1 and 1.0 Hz); and (c) shift of the hysteresis curve evolution with time (1.0 Hz). 
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• GLASS / ITO / PEDOT (10 layers) / CS4001 / Ny6 / ITO / GLASS – in order to 

study the effect of the thickness of the PEDOT:PSS layer, a series of cells with 

varying thickness of PEDOT:PSS layer was prepared by spin coating and curing 

additional layers on top of previously cured PEDOT:PSS layers. Here, the results of 

ten layers are shown. The application of multiple layers is compromised by a 

reduction in homogeneity of the substrate surface, and assays showed that 10 layers of 

spin coated PEDOT:PSS was close to the optimum. The most relevant difference with 

the single layer cells is the dynamic response [Fig. IV.10(a)], where the grey levels 

are becoming quasi stable, making possible a true zero-bias multiplexed display. The 

large volt-shift results in more stabilized grey levels, which leads to a brighter display. 

The waveform used is identical to the 1-layer case except the voltage of the selection 

pulse (28V and 36V for 1 layer and 10 layers, respectively). The shift of the hysteresis 

curve was measured and an initial value of 2.5 V was obtained [Fig. IV.10(b)], with a 

temporal development very similar to that of the samples with one PEDOT:PSS layer. 

The shift stabilized at 4.2 V after 10 minutes [Fig. IV.10(c)]. 

• GLASS / PEDOT (5 layers) / CS4001 / Ny6 / ITO / GLASS – this configuration is 

interesting because of the absence of ITO on one of the glasses, i.e., the PEDOT 

serves the double purpose of alignment layer and electrode. An initial shift of 2 V of 

the hysteresis curve has been obtained [Fig. IV.11(b)]. The dynamic response of the 

display is shown in Figure IV.11 (a). Clearly an improved stabilization of the grey 

levels with respect to the ITO 1-layer PEDOT is achieved. However, the voltages 

required to generate the grey levels with a 220µs selection time were excessive and 

thus the selection slot is increased to 1 ms. This configuration makes a cell brighter 

than the ITO 1-layer PEDOT but less than ITO 10-layers PEDOT. Figure IV.11(c) 

shows the time evolution of the shift of the hysteresis curve. The initial value is 2 V 

and displaces to 2.5 V. 

 

 



122 IV. UNCONVENTIONAL ALIGNMENT TECHNIQUES FOR AFLCS AND ORTHOCONIC MATERIALS 

 

 

 

(a) 

 

(b) 

 

(c) 

Figure IV.10. (a) Dynamic characterization of the CS-4001 for GLASS/ITO/PEDOT (10 
layers)/CS4001/Ny6/ITO/GLASS configuration, indicated driving waveform was employed (16 
ms biasless); (b) hysteresis curve for AFLC CS-4001 where a triangular driving waveform was 
employed (0.1 and 1.0 Hz); and (c) shift of the hysteresis curve evolution with time (1.0 Hz). 
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(a) 

 

(b) 

 

(c) 

Figure IV.11. (a) Dynamic characterization of the CS-4001 for GLASS/PEDOT (5 
layers)/CS4001/Ny6/ITO/GLASS configuration, indicated driving waveform was employed (16 
ms biasless); (b) hysteresis curve for AFLC CS-4001 where a triangular driving waveform was 
employed (0.1 and 1.0 Hz); and (c) shift of the hysteresis curve evolution with time (1.0 Hz). 
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Table IV.1 summarizes the different initial voltage shifts and the time evolution of the 

abovementioned configurations. The initial shift increases with the number of layers. 

However, the voltage drift with time is the same in the 1-layer and 10-layers cases. In all 

cases, this stabilization occurs at the first five or ten minutes. In the 1- and 10-layers, the shift 

slides 1.4 V. In the 5-layers case (without ITO in one of their plates), the voltage drift is only 

0.5 V. 

 

PEDOT:PSS layers Initial shift (V) Final shift (>3 h) (V) Volt. drift with time (V) 

1 2.0 2.9 0.9 

5 (without ITO) 2.0 2.5 0.5 

10 2.5 4.2 1.7 

Table IV.1. Initial shifts and their time evolution as deduced from Figures IV.9(c), IV.10(c) and  
IV.11(c). 

 

Therefore, the shift of the hysteresis curve is stabilized in the first minutes that the cell 

is connected, but the temporal change in the shift in the 1- and 10-layers cases is greater than 

the 5 layers without ITO case. 

Table IV.2 shows the dependence of the dynamic contrast ratio with the number of 

PEDOT:PSS layers. It is clear that the higher number of PEDOT:PSS layers lead to a better 

alignment of the AFLC and thus a better contrast (see also the 1- and 10-layers cases). The 5 

PEDOT-layer case is not comparable with the other cases because its waveform is different. 

A wider selection pulse was needed to stabilize the grey levels. 

 

PEDOT:PSS layers Selec. pulse (V; ms) Bias (V; ms) Contrast ratio 

1 35; 0.22 0; 16 17 

5 (without ITO) 50; 1.00 0; 16 155 

10 28; 0.22 0; 16 148 

Table IV.2. Improvement in the contrast ratio with the increase in a number of PEDOT:PSS 
layers 
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As a final result, the highest voltage shift obtained is presented. Taking into account 

the Table IV.1 and Figures IV.9(b)-(c), IV.10(b)-(c) and IV.11(b)-(c), it is seen that the shift 

of the hysteresis curve is present in all these devices. With time, the voltage shift increases. 

The most displaced curve is obtained for the case where series with 1 layer of PEDOT:PSS 

are driven with a 1 Hz triangular waveform for about 12 hours (Fig. IV.12). Voltage shifts up 

to 5.5 V were measured. If the power supply is removed, it takes several hours for the curve 

to come back to its original position at room temperature.  

Then, these devices can work as quasi-static image displays where a large voltage 

shift is reached through an applied biasless waveform. 

 

 

Figure IV.12. Hysteresis curve of the AFLC material CS-4001 for GLASS/ITO/PEDOT (1 
layer)/CS4001/Ny6/ITO/GLASS configuration, where a 1 Hz triangular driving waveform was 
employed. The hysteresis curves (black green, yellow and red) means an acquisition every 
three hours. 

 

IV.2.4.3. Modelling 

Typically, symmetric NLC cells (ITO / alignment layer / liquid crystal / alignment 

layer / ITO) present a symmetric electro-optical behavior, i.e. the electro-optical response is 

independent of the voltage polarization. But when a PEDOT:PSS layer is inserted between 

ITO and NLC on one of the two substrates, it induces an asymmetry as seen in Fig. IV.8, i.e. 

the electro-optical response depends on the voltage polarization. 

The shifted hysteresis curves of NLC and AFLC can conceptually be explained with 

the model developed by Alexe-Ionescu and Strangi and co-workers [89], [4] studying a WO3 

layer between ITO and LC. 
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In the NLC case, the induced asymmetry is due to the asymmetric creation or 

annihilation of holes in the PEDOT:PSS layer and their movements whereas the negative 

charges are essentially fixed. 

When applying a positive field to the PEDOT:PSS electrode (a negative field to the 

Nylon electrode), the PEDOT:PSS layer becomes depleted of electrons and thus the number 

of charges, and hence the capacitance of the PEDOT:PSS layer is reduced. The result is a 

larger voltage drop over the PEDOT:PSS. Increasing the frequency of the triangular wave to 

1 Hz, hysteresis can be observed [Fig. IV.8(b)], which it is interpreted as the capacitance of 

the PEDOT:PSS can no longer charge and discharge with the applied field, and thus shielding 

becomes persistent. 

In order for the shielding to be similar when inverting the polarization (a positive field 

to the opposing Nylon electrode) holes from the PEDOT:PSS layer would have to be 

extracted, which appears not to happen. Thus, the electro-optical response is similar to that of 

a symmetric cell, as the capacitance of the negatively charged PEDOT:PSS is similar to that 

of Nylon. 

The effective voltage over the LC is smaller when a negative field to Nylon electrode 

is applied. However, when an identical positive field is applied to Nylon electrode the 

effective voltage over the LC is larger. Therefore the asymmetry induced in this NLC cell is 

due to the different net negative charge in two polarizations. 

In the AFLC case, the different aligning conditions in the two surfaces result in a non 

symmetric orientation distribution of the AFLC molecules through the cell thickness. A 

permanent polarization in the unswitched display is introduced contributing to a displacement 

of the electro-optical response. 

Therefore the model can explain the NLC and AFLC (qualitatively) shift mechanisms 

[89]. 

Finally, the PEDOT:PSS as combined alignment layer and electrode has been showed. 

The cells aligned with Nylon 6 on one side and PEDOT:PSS on the other showed marked 

asymmetry in their electro-optical response, which has been exploited in the design of 

asymmetric biasless waveforms for passively addressed AFLC devices.  
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Using PEDOT:PSS, as an alternative to ITO, opens up three interesting possibilities: 

• Electrode patterning using inkjet technology 

• Inexpensive application of electrodes to almost any kind of materials, such as 

plastics or quartz [99]. 

• LC photonic devices based on conductive polymers. 

 

IV.2.4.4. Ion current measurements 

Figures IV.13 and IV.14 show the resulting current measurements for a device where 

one PEDOT:PSS layer is used as alignment layer. 

 

 

Figure IV.13. Electric current measurements of cells which are using PEDOT:PSS (1 layer)  as 
alignment layer for positive (red) and negative (black) voltages. 

 

In this case, the asymmetry is presented after the first 30 ms from where the current 

for negative voltage is higher than for positive voltage. It means that before 30 ms devices 

behave symmetrically. After this time, from the PEDOT:PSS layer a higher flux of charges is 
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injected involving a slight shielding of the electric field when voltages turn to positive. This 

phenomenon is observed in Figure IV.14 where the slope of the negative branch is quite 

greater than the positive branch. 

In this case, the pixel surface is 100 mm2 (a 10×10 mm single pixel). The values of 

ions concentration and mobility are n  = 2·1021 m-3 and µ = 5·10-10 m2V-1s-1. 

Although the voltage shift of the hysteresis curve is different for SiOX, SLS and the 

present case, and ions concentration and mobility are also quite different for the three cases, 

the injection of charges (at negative voltages) and the consequence shielding of the electric 

field (at positive voltages) occur similarly for all of them. Indeed, they present a similar 

asymmetry effect. 

  

 

Figure IV.14. I-V plot for a cell with PEDOT:PSS (1 layer) as alignment layer over one substrate 

 

Figures IV.15 and IV.16 show the resulting electric current measurements for a device 

where five PEDOT:PSS layers are used as alignment layer and as electrode (the ITO is 

removed). Figure IV.16 shows an abrupt change of the impedance slope when going from 

negative to positive voltage. 
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Figure IV.15. Electric current measurements of cells which are using PEDOT:PSS (5 layers 
without ITO in one substrate)  as alignment layer for positive (red) and negative (black) 
voltages. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.16. I-V plot for a cell with PEDOT:PSS (5 layers) as alignment layer over one 
substrate without ITO. 
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The pixel surface is equal than in previous PEDOT:PSS case, 100 mm2.  The values 

of ions concentration and mobility are n  = 2·1021 m-3 and µ = 6·10-11 m2V-1s-1. 

As the previous case, after 30 ms devices behave asymmetrically. But these devices 

show an almost constant in time steady state current for negative voltages, while for positive 

voltages is still decreasing. It means that PEDOT:PSS layer is injecting charges constantly 

along the time for a certain voltage. That constant injection flux provokes a high shielding 

effect when the polarization of the electric field change. The resulting effect is a mild diode-

like behavior. Figure IV.16 shows how this behavior. For negative voltages there is a high 

current, while for positive voltages there is very small current. 

As the previous figures, Figures IV.17 and IV.18 shows the resulting electric current 

measurements for a device where ten PEDOT:PSS layers are used as alignment layer. The 

pixel surface is equal than in previous PEDOT:PSS case, 100 mm2. The values of ions 

concentration and mobility are  = 2·1021 m-3 and  µ = 10-9 m2V-1s-1.  

 

Figure IV.17. Electric current measurements of cells which are using PEDOT:PSS (10 layers)  

as alignment layer for positive (a) and negative (b) voltages 

 

n
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In this case, as Figure IV.17 shows, devices need more time than in previous cases 

(around 10 s) to begin to behave clearly asymmetric. These types of devices present a 

behavior quite close to the previous ones, with the main difference that the required time to 

present an asymmetric response is around 10 s, but still presenting a diode-like behavior more 

pronounced (Fig. IV.18).  

 

 

Figure IV.18. I-V plot for a cell with PEDOT:PSS (10 layers) as alignment layer over one 
substrate. 

IV.2.5. Results and discussion 
Let us analyze the electro-optic response jointly with the resulting electric current 

measurements of manufactured devices whose asymmetry-inducting layer are SiOX, SLS and 

PEDOT:PSS. Table IV.3 summarizes the essential parameters obtained. 

The presence of dissimilar alignment layers involves that each layer accumulates or 

injects charges in different ways (such adsorption, leakage currents, holes injection, etc.) 

causing the shielding of the electric field over the LC bulk. 

A high flux injection of charges for negative voltages involves a high shielding effect. 

And, consequently, when the polarization of the electric field changes such high shielding 

effect causes a decrease of the injection charges. The shielding effect is provoked by the 

adsorption of charges onto the alignment layers. 
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 Ions which travel from one electrode toward the other along the bulk, behave in 

similar manner for both polarization. Just only in the vicinity of the alignment layers the ions 

feel a different interaction depending on the alignment layer that is closer. Depending on the 

charge content in the bulk the mobility increases or decreases and facilitates or hinders their 

arrival to the counter electrode. 

If there are no charges in the LC bulk, the injected ions move in similar manner for 

both electric field polarizations. The fact that the alignment layers inject or adsorb, it 

increases or decreases the number of ions traveling from one electrode to the other (affecting 

the voltage over the LC). If there are charges in the LC bulk, phenomena such as diffusion, 

drift or shielding of the electric field should be take into account. 

 

 E-O CHARACT. ELEC. CHARACT. 

DEVICE +V thr (V) - V th (V) ΔVi (V) n (m-3) μ (m2V-1s-1) 

SiOX 11.5 15 1.75 8·1022 4·10-10 

SLS 10.0 12.5 1.25 3·1020 10-9 

PEDOT 1 16.0 20.0 2.0 2·1021 5·10-10 

PEDOT 5 12.0 16.0 2.0 2·1021 6·10-11 

PEDOT 10 11.0 16.0 2.5 2·1021 10-9 

Table IV.3. Resulting parameters from electro-optic characterization and electric currents 
measurements of the manufactured devices.  

 

From the electro-optic response, SLS and SiOX cells have the lower shift voltage, as 

compared to higher shift voltage presented by PEDOT:PSS layers cells.  

SLS cells present low charge content (one or two orders of magnitude with respect to 

the others). It involves, as Table IV.3  shows, that its mobility has a high value. A high 

mobility means a high flux of injected charges from the SLS layer. 
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SiOX cells present a no so high voltage shift (1.75 V) while the highest charge content 

implies the lowest mobility value. Consequently, a low flux of charges is injected from the 

SiOX layers. 

PEDOT:PSS cells (1, 5 and 10 layers) behave in a similar way. With respect to the 

electro-optic response they present a high voltage shift (2.0, 2.0 and 2.5 V, respectively). All 

three cases present the same ions concentrations, but the mobility varies by a factor 10.  

In summary, asymmetric responses through electro-optical characterization and 

electric current measurements are shown. The different ratio of charge adsorption fluxes 

between SiOX, SLS and PEDOT:PSS layers, and Nylon 6 layer for both field polarizations 

induces the asymmetric response. 

PEDOT:PSS cells (specially devices with 5 PEDOT:PSS layers without ITO and 10 

PEDOT:PSS layers) present a diode-like behavior. 

In addition, an argument to support that the effect of ions dominates over the 

spontaneous polarization is shown in I-V plots. All electric current measurements have been 

carried out below threshold voltage, so spontaneous polarization is not working, but different 

slopes are observed for both field polarizations. 

The calculation of ion concentration and mobility deserves a further comment. In all 

measurements a fast transient part and high steady state currents are observed. The absence of 

SiO2 as a barrier layer may increase the electric current values at high voltages. Calculations 

of ion concentration and mobility are based on the transient part of the electric current 

measurement which is quite eclipsed by high steady state current. Due to this, the values of 

ion concentration and mobility may oscillate in a small range with respect to such values 

measured for low steady state currents. 

To address the former first: it is important to notice that the mobility and 

concentration of ions is measured in the first 10ms of the transition, while the I-V curves are 

calculated after 300s. 

At the moment when one changes the polarization the applied voltage will be added to 

the present ion distribution, which will cause all mobile ions to move, and from this 

measurement one gets the mobility and the concentration of ions, practically independently of 

any shielding. 
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On longer terms, the shielding prevents that ions will move in one direction, as the 

applied field is shielded. This observation is coherent with the improved contrast in 

asymmetric displays, where the pretransitional effect has been reduced. 

Our interpretation of this observation is that we have, in the case of PEDOT a 

complete shielding of the LC internal field caused by adsorption of positive ions onto the 

PEDOT when Ny is charged positively. Upon changing the polarization the shielding charges 

are released to the LC, and the “normal” nylon I-V curve is established. The same thing 

happens, yet to a lesser extends in the case of SiOx.  

In the case of SLS the picture changes somewhat. Much less ionic activity is present, 

leading to the tentative conclusion that SLS adsorb ions  ions in a non-reversible manner, 

which limits the conductivity of the LC cell. A certain shielding, similar to that of SiOx is 

notices which indicates the same asymmetric adsorption of positive ions. 

Finally, we can conclude that a higher current implies a higher electric field over the 

LC (for a given polarization) helping the switching of the LC molecules involving more 

transmission. 

IV.3. ELECTRO-OPTIC BEHAVIOR OF ORTHOCONIC AFLCS 
VARYING RUBBING DIRECTIONS 
IV.3.1. Introduction 

Orthoconic AFLCs having 45 degrees tilt angle have been proposed to overcome the 

problem of reduced contrast usually exhibited by regular antiferroelectric displays. However, 

the pitch of the helix induced by chirality is customarily short in existing orthoconic 

materials, making it difficult to achieve surface stabilized configurations when the material’s 

pitch is smaller than the cell thickness. 

In this section, the influence of different manufacturing procedures on the electro-

optical behavior of orthoconic AFLCs is presented. Using the same orthoconic AFLC 

mixture, aligning surfaces and manufacturing protocol, we have observed two dissimilar 

responses, true orthoconic behavior, and orthoconic V-shape response. The electro-optical 

response depends ultimately on the rubbing strategy adopted in either case. 

The performance of any LC display depends on the LC material itself as well as on 

the manufacturing conditions of the cell. Subtle modifications of these conditions may 
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remarkably affect the final result. The LC alignment within a given set of manufacturing 

parameters is not fully understood yet [100]. 

In this section, it will be shown a thorough study of the influence of the rubbing 

procedures of alignment surfaces on the electro-optical behavior of orthoconic AFLC 

mixtures. Various combinations of rubbing directions and pressures in the cell glass plates 

have been tested on the same orthoconic materials, while maintaining most or all the 

remaining manufacturing conditions. The results show that the rubbing procedure is 

responsible for dramatic modifications of the cell structure, leading to several dissimilar 

configurations including the regular orthoconic AFLCs and orthoconic V-shape response. 

 

IV.3.2. Experimental 

The multicomponent melting point mixture with fluorinated chiral ester W-193B was 

chosen as an OAFLC with a broad temperature range for antiferroelectric phase [101] 

( ) ( ) ( )* *20 83.0 84.1 98.9 99.6 105 112ACr SmC SmC SmA Iso− − → − → −  

Test cells made with ITO coated glass plates covered by a rubbed alignment layer 

were filled with W-193B at isotropic temperature. The alignment layer was created in all 

cases by spin coating a solution of Nylon 6 (14 g/l) in trichloroethanol [102]. Cell thickness 

was reduced to 0.8 µm. This thickness is too small for the material to induce the π retardation 

between the fast and the slow polarization of light in a transmission mode; however, it is the 

right thickness for reflective cells. Nevertheless, the use of extremely thin cells has been 

proven mandatory to achieve real orthoconic condition in this material. W-193B, as most 

available orthoconic AFLCs, features a quite short pitch (< 1 µm) that avoids a proper surface 

stabilization in 1.8 µm thick cells required for π retardation, as mentioned above. As a 

consequence, the bright state of these transmissive cells shows a reduced transmission 

(roughly 50%) compared to the ideal case. This issue is not relevant within the context of the 

present work, but must be certainly taken into account in eventual applications. Anyhow, 

using the displays in a reflective mode would overcome the problem. 

Electro-optic characterizations have been performed at 35º C in a Mettler hot stage on 

a polarizing microscope. Fresh cells were tested for orthoconic condition before driving, by 

rotating the hot plate with the cell inside between crossed polarizers. Orthoconic condition 

was considered to be achieved when the cell showed no transmission at any rotation angle 
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(i.e. when it behaves as a vertically aligned uniaxial medium). The same test was repeated 

several times after driving the cell. 

 

 

Figure IV.19. Characterization sheet of an orthoconic mixture (W-193B) filled into a parallel 
rubbed cell: (a) seven levels waveform, (b) electro-optic response and (c) grayscale. 

 

Two kinds of signals have been used to switch the cells, triangular AC signal of 0.1 

and 1 Hz for quasistatic behaviour and video-rate multiplexable waveform for dynamics 

[Figs. IV.19(a) and IV.20(a)]. The latter is a seven-level waveform consisting of a selection 

pulse, a holding voltage (bias) for maintaining the transmission of grey levels along the frame 

and a reset section with a voltage well to speed up the relaxation before a final zero pulse. 

Then, the same pattern with the opposite sign is applied for DC stabilization. Transmission 

patterns obtained with each waveform were sent to a computer via GPIB-USB device for 

their analysis. Response times, contrast ratio, and dynamic range have been checked and 

reported. Additionally, a memory test was performed in all cells to check whether the pixel 

transmission of consecutive frames were independent to each other under video-rate working 

conditions. The test consists in sending a saturating frame with the highest transmission 

followed by 10 frames for the lowest transmission. The transmissions of every frame are 

stored separately. Then, the number of frames required for the pixel to reach the dark state is 

calculated. The material is considered acceptable for the application if it reaches the dark 

state in less than 3 – 4 frames (at video-rate, the eye adaptation to sudden transmission 

change compensates the transition imperfections providing that they extend over a few 

frames). 

 

(a) 

(b) 

(c)
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Figure IV.20. Characterization sheet of an orthoconic mixture (W-193B) filled into a cell 
manufactured with orthogonal cross rubbing onto one substrate, (a), (b) and (c) as in Figure 
IV.19. 

 

Within this experimental framework, it has been tested all possible combinations of 

parallel and perpendicular rubbings in the glass plates. Most combinations gave poor results 

either with poor alignment or no alignment at all. However, three rubbing combinations gave 

interesting results: 

• Parallel rubbing: both glass plates as rubbed in the same direction and the cell 

is assembled either parallel or antiparallel 

• Cross rubbing: one glass plate is rubbed along one direction and then along a 

perpendicular direction. The pressure in the second rubbing is lower than in 

the previous. The other glass plate is not rubbed 

• Orthogonal rubbing: glass plates are rubbed perpendicularly to each other, as 

if it were intended to prepare a twist nematic cell 

IV.3.2.1. Electro-optic response 

a) Parallel rubbing 

Parallel or antiparallel rubbed cells showed variable transmission, hence 

residual birefringence, when the cells were rotated between crossed polarizers. Tilt 

angles were measured and found to be below 45 degrees. It was concluded that these 

cells had to be considered “high tilt” rather than orthoconic, since the orthoconic 

condition was not achieved. Contrast is just fair. 

(a) 

(b) 

(c)
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Moreover, the low frequency electro-optical response using a symmetric AC 

waveform is slightly asymmetric, i.e. the hysteresis cycle is not exactly centered at 

zero volts and the threshold voltage for positive and negative signals is not the same. 

This is believed to an imperfect surface stabilization derived by the chiral nature of 

the material and its trend to wind with a short pitch. Anyhow, this asymmetry has a 

negative effect on the dynamic behavior, since positive and negative cycles of the 

multiplexed waveform result in different transmissions. The positive and negative 

grayscale, therefore, are different [Fig. IV.19(b)]. Besides other unwanted features, 

depending on the frame rate, this situation may lead to flickering in video-rate 

applications. 

Besides the asymmetric response mentioned above, the dark state is not 

reached within 10 frames in one of the hysteresis lobes, the other achieving extinction 

in about 6 frames. Furthermore, the dynamic range is fairly high. This feature is 

usually inconvenient since it compromises the grey level stabilization provided by 

bias voltage and may result in crosstalking between selected and non-selected rows. 

All in all, a display with these characteristics would be unsuitable for video-rate or 

high rate applications. 

b) Cross rubbing 

Cross rubbing was tested aiming to prepare an aligning surface whose 

preferred direction was not perpendicular to the smectic layers (as in parallel rubbing), 

as this direction is far from the ultimate orthoconic orientation of the molecules. 

Rubbing is performed only onto one of the glass substrates. First buffing is “strong”, 

i.e. the pressure of the rubbing wheel on the substrate is increased. The second buffing 

is “soft”, to avoid “erasing” of the first buffing. Our buffing system lacks any pressure 

register, but a distance between the rubbing wheel and the substrate can be precisely 

located and reproduced. Optimization of the rubbing pressure has been a matter of 

trial and error. 

Cross rubbing changes the electro-optical behavior of the cell significantly 

(Fig. IV.20). Moreover, rotating the display between crossed polarizers gives constant 

dark state (Fig. IV.21), which indicates that the orthoconic condition (OC) has been 

achieved. Prior to switching the cell, a completely dark field is observed throughout 

the cell. However, after switching the cell, the orthoconic condition is only present at 
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the pixels, the interpixels (where ITO has been removed) being clearly visible upon 

rotation except in one position (upper right picture) indicating that the OC is only 

present in the pixel area. Similar observations have previously been reported 

elsewhere [103]. In this study, the OC is apparently achieved a priori over the whole 

cell and is destroyed in the interpixel area after switching the cell for some time. This 

issue is still under study. 

 

 

 

Figure IV.21. Orthoconic texture observed when a cross rubbed W-193B cell is rotated 
between crossed polarizers. The bright stripe is an interpixel gap. Below, hysteresis 
curve obtained with AC triangular waveform at 1 Hz. 

 

The electro-optical response at low frequency shows slow relaxation to the 

antiferroelectric state. In fact, AFLC relaxation is not fully achieved even at 1 Hz 

(Fig. IV.21, bottom). This feature is common in most available orthoconic materials. 

However, the forced relaxation employed in the video rate seven levels waveform 

improves considerably its behavior. Dynamic contrast more than doubles the parallel 
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case. The dynamic range is substantially reduced, and the fall time improves as well 

[Fig. IV20(b)]. The dynamic grayscale is almost fully symmetric, and the memory test 

shows that transition from fully bright to fully dark at video rate requires only 3 

frames [Fig. IV.20(c)]. Comparing to the parallel case commented above, it has to be 

concluded that cross rubbing shall be preferred to parallel rubbing for alignment of 

orthoconic AFLCs. 

It is worth mentioning that double cross rubbing (cross rubbing on both 

surfaces) has been tested as well. The results are not satisfactory, low quality 

alignment, if any, was obtained in all tested cells. 

c) Orthogonal rubbing 

The third rubbing strategy used in this study is orthogonal rubbing. It is 

achieved by placing the substrates with their rubbing directions, perpendicular to each 

other, as in nematic twist displays. 

Textures produced by orthogonal rubbing cells are identical to the cross 

rubbing texture shown in Figure IV.21, indicating that orthoconic condition is also 

reached in this case. However, the electro-optical response at low frequency is 

completely different (Fig. IV.22). The hysteresis loop collapses and the response 

reduces to a V-shape switching with no threshold voltage. This V-shape behavior had 

been previously observed in multicomponent mixtures containing with fluorinated 

chiral esters, using parallel rubbing [104]. In that case, a high tilt response, rather than 

orthoconic response, was measured. What is unique in the current case is the 

induction of orthoconic V-shape response with a manufacturing process where the 

only difference from the regular orthoconic is the rubbing strategy. The V-shape 

response, moreover, is maintained at much higher frequencies (Fig. IV.22). 

The next step was to check whether this V-shape induction was a specific 

feature of the orthoconic material employed in this work (W-193B) or a property of 

the orthogonal rubbing. We have performed preliminary studies on other four 

orthoconic mixtures, finding V-shape induction in all cases. Therefore it must be 

concluded that V-shape induction is not a property of a specific material, but a more 

general issue. 

The absence of hysteresis prevents the cell to be addressed in a passive matrix 

with multiplexed waveforms. Therefore, the seven levels waveform employed in the 
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previous cases for video-rate dynamic studies becomes useless in this case. Dynamic 

characterization (Fig. IV.23) of the induced V-shape orthoconics was carried out 

using a waveform proposed by our group for addressing V-shape smectics in a liquid 

crystal on silicon (LCOS) active matrix [105]. The results show that driving voltages 

and dynamic range are extremely low, allowing the use of these materials with LCOS 

or standard active matrices. Dynamic contrast ratio is also excellent, as usual in V-

shape displays. 

 

 

 

(a) 

 

(b) 

Figure IV.22. Electro-optical V-shape response obtained in W-193B cells with 
orthogonal rubbing (substrates are rubbed perpendicularly to each other). Triangular 
AC waveform at frequency: (a) 1 Hz and (b) 1 kHz. 
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At present, more extensive studies on these induced V-shapes are being carried out to 

ascertain whether their structure is the same as in regular V-shape smectics. Some 

preliminary results show interesting differences between them. As it is known, any V-shape 

smectic, driven by AC signals, show W-response when frequency is increased and reversed 

W-response when frequency is decreased. Induced V-shapes keep the V-response in a 

frequency range much wider (4 orders of magnitude) than regular V-shapes (1 – 2 orders). On 

the other hand, the state of polarization (SOP) of an impinging light is modified upon 

switching of either V-shape, however, the induced V-shapes show only slight SOP 

modifications while regular V-shapes show the SOP modifications predicted in fully 

switched ferroelectric states. Should this issue be confirmed, the induced V-shape response 

should derived from a different smectic configuration. On the practical side, the induced V-

shapes could be the perfect candidates for phase-only photonic devices such as phase gratings 

or spatial light modulators (SLMs). 

 

 

Figure IV.23. Characterization sheet of the induced V-shape response in W-193B cells: (a) 
applied waveform as proposed for active matrix driving,(b) electro-optical and (c) grayscale. 

 

With respect to orthoconic AFLC, electro-optical behavior strongly depends on rubbing 

strategy. Parallel rubbing does not seem to be the best alternative to produce orthoconic 

condition, at least in Nylon 6 thin cells. Best results for regular orthoconic AFLC alignment 

is obtained with cross rubbing on one substrate while the other substrate remains unrubbed. 

V-shape switching is induced by rubbing the cell substrates perpendicular to each other. The 

dynamic behavior of the induced V-shape cells is similar to regular V-shape smectics.  

 

(a) 

(b) 

(c)
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V.1. INTRODUCTION: ADAPTIVE LENSES 

V.1.1. Introduction 
The use of liquid crystals (LCs) in adaptive and programmable optics elements has 

been done in a number of different types of devices; such as LC lenses, spatial light 

modulators (SLMs), beam steering and Fabry-Perot LC filters. They are also an important 

element in the configuration of optical tweezers [115]-[117].  

The main advantages of liquid crystal photonic devices over mechanical alternatives 

are reduced size, weight and cost. Liquid crystal lenses are candidates for integration into any 

device requiring a small tunable focus, such as mobile phone cameras or webcams. Liquid 

crystal lenses work by modifying the liquid crystal refractive index in a concentric manner in 

order to emulate the phase difference generated with ordinary lenses, its focal length being 

tunable from infinity to a certain minimum focal length depending on the liquid crystal 

birefringence and the lens diameters. 

In the field of planar tunable lenses, LC technology appears as the dominant resource. 

LC lenses are graded index (GRIN) lenses. By inducing concentric changes in the refractive 

index (reorientation of LC molecules) it is possible to achieve the phase retardation of regular 

glass lenses, for one of the two polarizations. Typically the refractive index variation is due to 

a gradient electric field along the device [51]. The existing LC lens technology may be split 

into two major types, namely segmented lenses and modal lenses (MLCLs) [50][118]. 

Segmented lenses are based on diffraction by a Fresnel zone pattern [119]. Such lenses use a 

patterned electrode determining the diffraction efficiency and a step phase profile is obtained. 

Although the phase profile will be affected by various factors, such as quantization error, 

gaps between electrodes and fringing field effects, lenses with large aperture and small 

feature size have been achieved [43].  

As it was well described in Chapter I, an MLCL is performing with two conductive 

electrodes with LC within them. It behaves as a capacitor with small parasitic parallel 

conductance due to dielectric losses within the medium. If one of the electrodes is replaced 

with a high resistivity material and dielectric losses are ignored, the equivalent circuit of the 

cell behaves as a series of cascaded RC filters [Fig. V.1(a)]. Considering a 1D device if a 

sinusoidal voltage is applied to one end of the cell, the potential difference between the two 



LIQUID CRYSTAL PHOTONIC DEVICES BASED ON CONDUCTIVE POLYMERS 145
 

electrodes decreases as a function of distance across the device [Fig. V.1(b)]. The curve 

formed will depend on the frequency and voltage of the applied potential [120]. 

 

 

Figure V.1. 1D MLCL scheme: (a) Equivalent circuit of a modal lens, (b) dotted line indicates 
the voltage profile if voltage is applied only to one end of a lens and solid line shows the 
voltage profile if voltage is applied to both ends, (c) resulting phase profile from a voltage 
being applied to both ends of a cell [120]. 

 

Connecting both ends of the high resistivity electrode to the same driving voltage then 

the resulting potential across the device is similar to a quasi-parabolic shape [Fig. V.1(b)]. 

The resulting face profile is shown in Figure V.1(c). Actually, that shape is non-parabolic. 
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But at certain applied voltage and frequency a quasi-parabolic phase profile is achieved. If 

that 1D device is extended into 2D and the high resistivity layer is connected to the driving 

potential using a circular electrode, then the result is a bowl-shaped electrical potential, and a 

phase profile which emulate a spherical lens [120]. 

 

V.1.2. Device description 
In LC modal lenses a single electrode generates a radial voltage gradient whereby 

patterning in the active area can be avoided. In this work, high resistivity, high transmission 

surfaces have been obtained by employing spin-coated layers of a number of conductive 

polymers. The use of these materials allows the generation of layers with a broad range of 

resistivity. At the same time, the simple manufacturing process leads to low cost devices. 

Based on the configuration well described in [44], MLCLs are presented using 

conductive polymers as high resistivity electrodes. The electrode structure employed in this 

work is very simple: a single pixel LC sandwich between two ITO-coated glass plates. The 

conductive ITO coating of one of the plates (or both) is removed in a circular area by 

photolithography. Then a different conductive layer is deposited onto the substrates including 

the area without ITO. This single electrode structure works as a lens since its inner area has 

significantly larger resistivity than the external area. When an AC voltage signal is applied to 

the LC plates, the high resistivity area generates a voltage gradient from the edge of the lens 

towards the center in a concentric manner. Given an adequate set of voltage amplitude and 

signal frequency, the LC reorientation, hence the refractive index profile can be tuned to 

emulate the phase variation generated in regular lenses.  

The focal length of LC lenses is tunable in a range which depends on the effective 

lens diameter, the retardation difference between the lens center and the edge, and the light 

wavelength, and can be expressed as [121], which is also derived from (8): 

 
2

2
rF
nd

=
Δ

     (14) 

 

Correctly addressed these spherical pixel MLCLs give a perfect continuum phase 

difference profile. 
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Figure V.2. Sketch of a spherical modal liquid crystal cell and the cells appearance between 
crossed polarizers at 45º with respect the to switching plane. Each dark circle correspond to a 
phase difference of 2π. 

 

A schematic of the spherical MLCL structure is shown in Figure V.2. Typically, the 

orientation of molecules is shown as in Figure V.2 to give an idea of how the lens is forming. 

This would involve a radial rubbing. Actually, there is an antiparallel rubbing and polarized 

light is employed. Therefore, a radial uniform rings distribution is observed.  

As above, the voltage gradient is created by a combination of the AC current charging 

the capacitance of the LC and the high resistivity of the active area. In other words: The high 

resistivity area behaves as a transmission line (Fig. V.3) leading to a decreasing voltage 

towards the centre of the lens. In Figure V.2, the high electric field at the circle edge is above 

threshold, and the LC is fully or partially switched, while the electric field at the center is 

below threshold and the LC remains unswitched. It follows that preparing convergent lenses 

with this structure requires the use of LC materials having positive dielectric anisotropy. The 

same structure employing a vertically-aligned negative (VAN) nematic LC would result in a 

divergent lens. 
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Figure V.3. Equivalet circuit of the MLCL is a transmission line. 

 

Adjusting the voltage, frequency and resistivity, it is possible to match the voltage 

gradient and the electro-optic response of the LC, so that the full range of LC birefringence 

can be deployed to modify the optical path. For a full aperture minimum focal length, the LC 

molecules at the circle edge are fully switched while the molecules in the very center of the 

lens remain unswitched for the electric field is below the LC threshold. Behaving like a 

transmission means that voltage amplitude and frequency can be used as independent external 

parameters to adjust the lens profile. In practice, voltage amplitude is used for coarse 

selection of the focal length while frequency allows a further fine-tuning of the lens profile. 

V.1.3. Experimental 

V.1.3.1. Conductive polymer selection 

The main novelty of this work is the employment of conductive polymers as a high 

resistance electrode in the context of modal lenses. Several types of conductive polymers 

have been analyzed: AedotronTM C3-NM, AedotronTM P-NM, AedotronTM C-NM, 

PEDOT:PSS (conductive grade) and PEDOT:PSS (high-conductivity grade), all of them from 

Sigma-Aldrich Company. The use of the conductive polymer PEDOT:PSS as electrode (and 

also as LC alignment layer) has been described earlier (IV.2.4). As in II.3.6 the polymers 

were deposited by spin-coating on glass plates as summarized in Table V.1 and the resistivity 

of the coatings was measured (Table V.2). A notable variation in resistivity was measured 

ranging from kΩ to GΩ per square.  The preliminary studies indicated that best results were 

obtained employing electrodes with resistivity in the MΩ range. Therefore, PEDOT:PSS 

(conductive grade)  and AedotronTM C-NM were selected; their surface resistivities, within 

the conditions of our manufacturing protocol, are 5 and 17.2 MΩ per square, respectively. 
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AedotronTM 
C3-NM 

 

AedotronTM 
P-NM 

 

AedotronTM C-
NM 

 

PEDOT:PSS 
(conductive 

grade) 

PEDOT:PSS 
(high-

conductivity 
grade) 

Solvent Nitro-methane Nitro-methane Nitro-methane H2O H2O 

Dopant Perchlorate 
Sulfonate p-

toluene 
Perchlorate no doped no doped 

Concentrat. 
(wt %) 

0.4 – 0.9 1 1 1.3 1.3 – 1.7 

Spin speed 
(rpm) 

3500 4500 3500 4500 4500 

Spin time (s) 30 30 30 30 30 

Curing 
Temp. (ºC) 

120 120 120 120 120 

Curing Time 
(s) 

1200 1200 1200 1200 1200 

Table V.1. Deposition protocol of different conductive polymers 

 

AedotronTM  

C3-NM 

GΩ/ 

AedotronTM  

P-NM 

GΩ/ 

AedotronTM  

C-NM 

MΩ/ 

PEDOT:PSS 
(conductive 

grade)       
MΩ/ 

PEDOT:PSS (high 
conduct. grade) 

kΩ/ 

18.02 12.93 17.2 5 0.94 

Table V.2. Surface resistivity of different conductive polymers used in this work 

 

V.1.3.2. Manufacturing process 

The manufacturing of spherical single pixel MLCLs is relatively simple. The lens 

configuration is shown in Figure V.4. Two ITO (Indium-Tin-Oxide) coated glasses 

(Gladstone, resistivity < 20 Ω per square) are used as external conductive electrodes. The 

ITO is removed in a circular area from one of the plates by photolithography. Two diameters 

of the disk were employed (3 and 5 mm). After the photolithography several layers are 

deposited successively by spin-coating. The first layer is only deposited to the patterned 

electrode while the remaining subsequent are applied to both substrates. 
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     Figure V.4. Structure of fabricated MLCLs. 

 

• The conductive polymer (PEDOT:PSS or AedotronTM C-NM)  

• Silicon dioxide (SiO2) layer (Table V.3) used as a barrier layer, to prevent the 

alignment layers to be in direct contact with electrodes.  

• Nylon 6 alignment layer (Table V.3) is deposited and buffed in anti-parallel 

directions. 

 SiO2 Nylon 6 
Solvent 

 Ethylene glycol Trichloroethylene 

Concentration (wt %) 1.8 1 

Spin speed    (rpm) 3500 4500 

Spin time           (s) 30 30 

Precuring Temp. (ºC) 80 80 

Precuring time  (s) 300 300 

Curing Temp. (ºC) 200 150 

Curing Time     (s) 5400 14400 

Table V.3. SiO2 and Nylon 6 deposition protocols 
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Finally, the cell is assembled after depositing 50 µm Mylar spacers (Katco Ltd. UK). 

An LC with moderate birefringence (Merck ZLI-3449-100, Δn = +0,1325) was chosen for the 

experiments. 

The focal length of an ordinary lens is proportional to the squared radius (curvature 

radius lens) and inversely proportional to the birefringence and thickness of the lens. 

Substituting the LC birefringence, the diameter, and the cell thickness in (14) yields the 

minimum theoretical focal length that can be achieved in any given MLCL. In our case, the 

minimum focal length using ZLI-3449-100 would be 472 mm for 5 mm lenses and 169 mm 

for 3 mm lenses. 

Figure V.5 shows a sequence of pictures that exhibit the evolution of the MLCL, 

between crossed polarizers, while a voltage step is applied. When the field intensity is 

increasing, a set of rings appears from the edge towards the center of the lens. Each ring 

accounts for a 2π delay. At the last stages a high number of rings are shown, implying a high 

power lens. A perfect lens without aberrations should have an almost uniform spread rings 

from the edge to the center. The example shown in the figure shows a plateau in the central 

area, giving an oblate shape of the lens. This issue may be corrected, or at least alleviated, by 

reshaping the lens by varying frequency. 

 

 

(a)      (b)      (c) 

Figure V.5. Evolution of MLCL for increasing voltage between crossed polarizers: (a) 2.5 V, 13 
kHz, (b) 6.5 V, 13 kHz and (c) 15 V, 15 kHz. 

V.1.3.3. Setup description 

Measurements of wavefront deformations have been carried out with a Hartmann-

Shack wavefront sensor (Optocraft GmbH, Germany). It consists of a 72 × 59 microlenses 

array with 4.23 mm focal length each lens, where a video sensor is placed. The microlenses 

have an antireflection coating. The video sensor works in the wavelength range 450-700 nm 
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with an accuracy of λ/10. Light is collected on an array of 1600×1200 square pixels of 

7.4×7.4 µm2. 

The instrument provides a direct measurement of the MLCL focal length, along with 

the kind and magnitude of lens aberrations. Data are collected and presented almost in real 

time, thus becoming a powerful tool for lens reshaping with voltage and frequency variations.  

Corrections and reconstruction of the output aberrated wavefront is done by means of 

Zernike polynomials and their dependence on the coordinates of the deviated points [122]. 

Each term of the Zernike polynomials gives information of specific aberrations, such as the 

lens defocusing, spherical aberration, coma aberration, etc. In our case, the most interesting 

terms of Zernike polynomials are radial terms, due to their direct influence on defocus and 

spherical aberration. Non-radial aberrations may arise from manufacturing imperfections that 

are less relevant within the scope of this work, where the aim is to prove the usefullness and 

evaluation of polymer electrodes.  

 

 

Figure V.6. Designed setup to analyze MLCLs wavefronts.  
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The experimental characterization setup (Fig. V.6) consists of a collimated light beam 

(He-Ne laser, λ = 532 nm), two polarizers (working as an attenuator and fixing the direction 

of polarization, respectively) and the Hartmann-Shack wavefront sensor. The MLCL is 

placed between the second polarizer and the Hartmann-Shack. An opaque mask covers the 

whole cell except the lens area. All measurements are controlled by software [123]. 

V.1.4. Measurements 
After selection of the two most convenient conductive polymers, three different series 

of devices have been manufactured. The cell thickness has been kept constant at 50 µm, a 

rather large value in order to achieve high lens powers. Two diameters, 3 mm and 5 mm, 

were tested in the first two series. The third series was made to test a double electrode 

configuration. Every single device was optimized in terms of voltage amplitude and 

frequency. A fairly large variation of values has been found among members of the same 

series. In practice, this means that every cell would have to be separately calibrated for any 

eventual application. Table 4 shows typical numeric results of these measurements. 

V.1.4.1. Conductive polymer: AedotronTM C-NM 

The conductive polymer used in this case is AedotronTM. These lenses have a diameter 

of 3 mm and they are 50 µm thick. The optimum voltage amplitude and frequency in this 

case are V = 60 V and f = 22 kHz for full aperture minimum focal length. Even with such a 

high voltage amplitude, the shortest experimental focal length (Fexp) measured with the 

Hartmann-Shack is quite high Fexp = 576 mm, as compared to the theoretical value, given by 

(14), Fth = 169 mm.  

The wavefront, moreover, shows a rather flat area near the lens center (Fig. V.7). 

These results can be explained assuming that the electric field in the center decays to fast, and 

thus the treshold voltage is not reached in the centre but rather at a certain distance from the 

centre. The ring distribution is absent in the central area, confirming the assumption. If the 

amplitude of the applied voltage step increases beyond 60 V the lens loses its focus. The 

reason is that at such high voltages the electric field of the edge is strong enough to induce 

LC switching within the lens area and the voltage gradient vanishes out, cancelling the lens 

profile. Concluding that Aedotron is not a good choice for conductive polymer employing our 

current manufacturing procedure. 
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Figure V.7. Wavefront of a 3 mm MLCL using AedotronTM C-NM as a high resistivity electrode. 
The left scale is the delay given in number of wavlength. 

 

V.1.4.2. Conductive polymer: PEDOT:PSS 

PEDOT:PSS is the selected conductive polymer in these lenses, which have a 5 mm 

diameter and 50 µm thick. The lens profile obtained in this case is much more promising. 

Minimum focal length is reached with both voltage amplitude and frequency consistently 

lower than the corresponding values of the previous series: V = 26 V and f = 18 kHz. The 

minimum theoretical focal length is Fth = 472 mm and the found experimental value is Fexp = 

342 mm, i.e., significantly lower. This result can be explained by an effective reduction of the 

lens diameter (diameter shrinking) as the voltages at the extreme of the disk are higher than 

the saturation threshold of the LC. As seen in the previous case, to decrease the focal length 

and approach to the theoretical value, it was necessary increase the voltage more than 60 V. 

But at this voltage the lens cannot sustain the voltage gradient toward the center of the lens. 

So the high electric field induces the LC switching in the whole lens. Lenses with 

PEDOT:PSS can keep gradually such voltage gradient even if the inner area of the lens close 

to the edge begins to switch. The circular fringe width of LC switched on the inside of the 

lens can be controlled. Hence, above certain values of the applied voltage the diameter 

shrinking effect appears and the effective lens radius decreases. By increasing the electric 

field the focal length reduced and the lens profile is forming. Figure V.8 shows a fairly good 

lens profile obtained with this configuration.  
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Figure V.8. Wavefront of a 5 mm MLCL using PEDOT:PSS (conductive grade) as a high 
resistivity electrode. The left scale is the delay given in number of wavlength. 

 

V.1.4.3. Conductive polymer: PEDOT:PSS (identical electrode) 

The characteristic of these devices are equal to previous (5 mm diameter and 50 µm 

thick). Aiming to improve further the lens profile, a double electrode configuration was tested 

as well. A circular ITO area of the same diameter was removed from both substrates. Besides 

this the manufacturing procedure was identical. It must be noted that the lens power is 

identical as in the previous case, but the curvature of the refractive index profile varies as the 

transmission line is generated over two resistive conductors, leading to a faster drop-off. The 

optimum voltage amplitude and frequency are V = 40 V and f = 20 kHz. The experimental 

focal length is Fexp = 238 mm being the theoretical value Fth = 472 mm (same as above). The 

shorter experimental focal length indicates that the diameter shrinking is more pronounced 

than in the previous case. Figure V.9 (left) shows one of these MLCLs with no applied 

voltage and a mask covering the entire cell except the lens area (a circular area of 2.5 mm 

radius). If voltage is increased above a certain value, the diameter shrinking effect is 

prevalent and causes a significant decrease of the effective lens radius (Fig. V.9, right). The 

measured effective radius for the abovementioned voltage and frequency is r = 1.75 mm. 

Using equation (14) the predicted focal length for such radius corresponds to F = 231 mm, in 

agreement with experimental focal length Fexp = 238 mm.  
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(a)                                                         (b) 

Figure V.9. MLCL with symmetric circular electrodes between crossed polarizers at (a) 0 V and 
0 kHz, and (b) 40 V and 20 kHz. 

 

Figure V.10 shows the evolution of optical power (in diopters) with voltage for the 

three tested series. Dashed lines show the theoretical optical powers of MLCLs. Both 

PEDOT:PSS devices behave similarly up to 8 V where they reach the theoretical value for 

the full diameter lens. Past this value, the optical power of double electrodes lenses increases 

faster than single electrodes lenses as the diameter shrinkage in the double electrode lenses 

appears to be faster than in the single electrode lenses.  

 

 

Figure V.10. Optical power (dp) varitation as function of voltage for the three types of 
manufactured devices. Dashed lines show the theoretical value of each one. 
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However, the double electrode lenses generate in general wavefronts which show an 

excellent spherical lens profile (Fig. V.11), demonstrating that it is possible to prepare modal 

lenses with good optical quality using a single resistive circular electrode which is a 

conductive polymer. 

 

 

Figure V.11. Wavefront of a 5 mm double electrode MLCL using PEDOT:PSS (conductive 
grade) as high resistivity electrode. 

 

V.1.5. Quality analysis of lenses 

V.1.5.1. Definition of quality parameters 

As it shown in previous section, designed devices work as modal lenses but to 

determinate their applicability, it is necessary to quantify the quality of the lenses. One, way 

to quantize the quality is employing the Strehl ratio [124]. This is the simplest meaningful 

way of expressing the effect of wavefront aberrations on image quality. In the employed 

system the Strehl ratio is derived from the root-mean-square (RMS) wavefront error, which 

expresses the deviation averaged over the entire wavefront area. This average wavefront 

deviation determines the peak intensity of diffraction pattern which is the numerical value of 

the Strehl ratio.  

For more detailed information on the effect of wavefront aberrations on image quality, 

point spread function (PSF) is required: Due to lenses are not perfect optical systems, the 

image of an object through a lens has a certain degree of degradation. The lens introduces a 
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small amount of blur. Assuming that the object is a small point of light, the relative intensity 

of such point distributed across the degraded image is the PSF. 

Typically, the quality of lenses is much more convenient to express in terms of their 

sharpness. The perceived sharpness, also known as apparent sharpness depends on: optical 

resolution, the modulation transfer function (MTF) and the subjective psychological 

response.  To obtain the sharpness of an image, it must be taken into account, besides the 

resolution, the contrast. For two images with the same resolution, the sharper is the image 

with the highest contrast. Introducing the MTF parameter, the problem of specifying 

objectively the sharpness is solved. MTF is also called spatial frequency response (SFR) or 

contrast transference function (CTF). Mathematically, MTF is the Fourier Transform of PSF. 

MTF is the contrast (normalized with respect to the contrast at low frequencies) as function 

of spatial frequency. It also can be defined as the response to the step function (in such case, 

it calls contrast transfer function (CTF).  

The use of a test chart is an easy way to calculate the MTF value of a lens. These test 

charts are composed of sinusoidal pattern (Fig. V.12) where the spatial frequency is varying. 

The MTF is calculated from the Fourier transform of the image detected (Fig. V.13). 

 

 

 

Figure V.12. Sinusoidal signal for both different spatial frrequencies and contrast values [125]. 
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Figure V.13. MTF of a lens (TC-UV, [126]) as a function of the spatial frequency (lp/mm). The 
continuous gray line indicates the response of a test line chart (CTF). The violet line indicates 
the response of test sinusoidal pattern chart. The dashed gray line indicates the diffraction 
limit.  

 

Lens manufactures provide information in a slightly different way. Often, they choose 

at least two spatial frequencies, at low frequency (typically, 10 lp/mm) and a higher 

frequency (30 lp/mm). Contrast at these two spatial frequencies is represented as a function to 

the center of the focal plane. Typically, they also give information on the sagital and 

meridional directions. Figure V.14 shows a MTF plot of a Nikkon 105/2.8 VR objective, 

consisting of a set of cascaded lenses. 

 

 

Figure V.14. MTF plot of a Nikkon 105/2.8 VR lens. Red and blue lines show 10 lp/mm and 30 
lp/mm lines, respectively. Continuous lines indicate meridional direction and dotted lines 
indicate meridional directions. 
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In such a way, the MTF measures three parameters of a lens: the contrast (through the 

10 lp/mm line), resolution (through the 30 lp/mm) and astigmatism (comparing lines for both 

sagital and meridional directions) 

MTF values depend on aperture diameter. Usually MTF is measured at maximum 

aperture or F/8. It also depends on the focal length. 

The higher (close to 1) and straighter the MTF plot, better the quality. But in practice, 

when contrast values (or resolution at 10 lp/mm) are higher than 0.8, it said that the lens is a 

superior lens. MTF values higher than 0.6 mean an acceptable lens. The more separated are 

the continuous and dotted lines at the same frequency, i.e., sagital and meridional behavior 

are very different, the higher the astigmatism of the lens. 

 

  

Figure V.15. MTF in function of the spatial resolution for a lens which uses AedotronTM C-NM  
as high resistivity electrode. 

 

The Hartmann-Shack wavefront sensor software, measures directly MTF values 

versus spatial resolution (pl/mm) for each focal length. In the measurements, corrections for 

radial effects, such as astigmatisms, were employed, because the central focus of the work is 

an evaluation of the convergence of the manufactured modal lenses. These corrections mean 
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that the sagital and meridional MTF of the lenses have been averaged, and will be presented 

as one (Fig. V.15).  

V.1.5.2. Comparative quality analysis 

Figures V.16, V.17 and V.18 present the MTF as a function of the spatial resolution 

for the manufactured lenses. In order to study the resolution power of the lenses the MTF at a 

spatial resolution of 10 lp/mm and 30 lp/mm has been plotted as a function of aperture radius 

(Fig. V.19). 

 

Figure V.16. MTF versus spatial resolution for each focal length where AedotronTM C-NM as a 
high resistivity electrode is deposited. High voltages involve low focal length. Different color 
lines represent different aperture radius. 

In the lenses made with AedotronTM C-NM as a high resistivity electrode (Fig. V.16), 

at 0 V (largest focal length) devices present a large MTF involving a nice quality. At 0 V 

there is no lens forming and devices work as a transparent window. Increasing the voltage 

and frequency at highest values (60 V and 22 kHz) the lowest focal length is reached. The 

region between switched and unswitched LC causes MTF values drop even at low spatial 

resolution. 
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Hence, these lenses, at large apertures, have a relatively well quality at low spatial 

resolution for large focal lengths. 

 

Figure V.17. MTF versus spatial resolution for each focal length where PEDOT:PSS 
(conductive grade) as a high resistivity electrode is deposited. High voltages involve low focal 
length. Different color lines represent distancies to the center of the lens. 

 

Figure V.17 shows the same type of measurement as showed above. PEDOT:PSS 

(conductive grade) works as a high resistivity electrode. At 0 V devices present high MTF 

values for any spatial resolution due to there is no lens forming and they behave as a 

transparent device. While both voltage and frequency are increasing MTF decays for any 

spatial resolution. But shrinkage diameter effect causes that MTF decay is more pronounced 

close to the edge than close to the center of the lenses for any spatial resolution. In addition, 

close to the center devices work as lenses. Therefore, these lenses have not bad quality till 30 

lp/mm spatial resolution for any focal length, being the lens radius limited by shrinkage 

diameter effect.  
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Figure V.18. MTF versus spatial resolution for each focal length where PEDOT:PSS 
(conductive grade) as a high resistivity electrode in both substrates is deposited. High 
voltages involve low focal length. Different color lines represent distancies to the center of the 
lens. 

 

MLCLs with the same structure in both electrodes and PEDOT:PSS (conductive 

grade) cover them behave in similar way as presented above (Fig. V.18). At 0 V lenses 

present high MTF values for any spatial resolution because of there is no lens forming. If 

both voltage and frequency are increased to reach the highest voltage (40 V and 23 kHz) 

MTF values drop close to the edge of the lens for any spatial resolution due to in that area 

there is the new edge of the lens caused by the shrinkage diameter effect. But MTF values in 

the central area are higher due to lenses are working well. 

At largest focal lengths (0 V) all lenses behave as a transparent device due to there is 

not applied voltage and lenses do not begin to form. Close to the center the devices are 

behaving as lenses. The shape of the curves of 26 V (PEDOT:PSS over one electrode) and 30 

and 40 V (PEDOT:PSS over both substrates) present a valley between 1.7 and 2.5 mm from 

the center of lenses, because of in that region is where the shrinkage diameter effect is 

limiting the lens radius, and thus both the center (not switched) and the periphery (fully 

switched) have infinity focus, with a steep gradient separating the two. 
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Figure V.19. Variation of MTF with the diaphragm aperture of the lens for different focal lengths 
at 10 lp/mm (dashed lines) and 30 lp/mm (continuous lines) spatial resolution. Different color 
lines represent dissimilar focal length. 
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V.1.6. Conclusive remarks 
This work is a preliminary study into LC lenses manufactured with conductive 

polymers. The developing of new manufacturing protocols and the understanding of 

characterization equipment new to the group has been included. Two important results have 

come out of this work: First of all the possibility of manufacturing lenses with organic 

electrodes has been shown and secondly, the focal length can be reduced significantly by 

allowing for a reduced effective diameter of the lens. To which extend a reduction of the lens 

diameter for very short focal lengths is acceptable will depend on the final application. Often 

in still photography, where artificial flash light is employed, the pupil of the lens is reduced 

for very near-up photos.  

Furthermore, a quality analysis process, which helps to improve the optical elements 

manufacturing procedure, is established. The identification of the quality parameters will be 

employed in a computerbased automatic optimization of lens addressing schemes. This 

program is currently being developed.  
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This thesis focuses primarily on two major lines: the effect of dissimilar alignment 

layers over the electro-optical and electrical responses in asymmetric liquid crystal devices, 

and manufacturing and characterization of liquid crystal lenses using conductive polymers as 

high resistivity electrodes.  

In the first part, several series of liquid crystal devices with dissimilar alignment 

layers (SiOx, slippery surface and PEDOT:PSS) are manufactured. Entire manufacturing 

protocols are fully exposed. The electro-optical responses and ion transport measurements are 

compared and analyzed to elucidate which phenomena are responsible of asymmetric 

responses. We found that different fluxes of charges injected or absorbed by the alignment 

layer are responsible of the asymmetry induced. In addition, the asymmetric electrical 

response (the impedance of devices are different for each field polarization) found below the 

threshold voltage involves the dominance of ionic effects over the spontaneous polarization 

as responsible of the asymmetry. 

One of the three alignment layers analyzed, PEDOT: PSS opens the way for the 

design and manufacture of LCDs using conductive polymers. This is the second major line 

developed in this thesis. We found that PEDOT:PSS can work simultaneously as an 

alignment layer and electrode (high resistivity electrode) paving the way for many 

applications such as flexible devices. 

Another important application of these LCDs based on organic compounds is the 

manufacture of liquid crystal lenses (MLCLs). An extensive study of the manufacture 

procedure and further characterization of these lenses are presented. Several types of 

conductive polymers are studied as potential candidates for high resistivity electrodes, 

concluding that PEDOT:PSS is the optimum. Due to the MLCLs configuration, the focal 

length can be tune varying both voltage and frequency of the applied signal. 

After a simple manufacturing procedure, MLCLs are obtained. Through a Hartmann-

Shack wavefront sensor, the outcoming wavefront of the lenses are characterized. This 

characterization leads us to conclude that lenses with PEDOT:PSS as a high resistivity 

electrodes provide  better lenses. Using identical electrodes, and therefore, the deposition of 

PEDOT:PSS in both substrates yield a better configuration. Due to the shrinkage diameter 

effect, the effective radius of the lens is reduced involving a greater reduction of the focal 

length. The drawback of this effect is the appearance of residual light in the image. The 
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placement of a dynamic diaphragm may solve this problem. The shrinkage diameter effect is 

more pronounced in lenses with identical electrodes. 

A further analysis is performed to quantize the quality of the lenses. Such analysis 

consists in the calculus of the Modulation Transfer Function (MTF) as function of the spatial 

resolution at different voltages (at different focal lengths). MTF variation as function of 

aperture radius of the lens leads us information about the contrast (at a spatial resolution of 10 

lp/mm) and resolution (30 lp/mm) for different voltages. 

In summary, this PhD work shows the study of asymmetric responses of asymmetric 

LCDs with dissimilar types of alignment layers. One of these alignment layers (PEDOT:PSS) 

is used as a high resistivity electrode in MLCLs. 

 

FUTURE LINES 

• Development of LC devices which should include a barrier layer in order to obtain 

low steady state currents. In such way, more information about the transient part can 

be extracted. Phenomena occurring during the first milliseconds may help to 

understand better the charge transport. 

• Development of a theoretical model. Interaction between alignment layers and LC 

including ions effect should be taking into account to get a better understanding of the 

asymmetric response. An explicit formulation of the relationship between charge 

transport and asymmetric electro-optical response is necessary. 

• Improvement of MLCL manufactured. New conductive polymer should be studied 

and high birefringence LC should be employed in order to reduce the minimum focal 

length. 

• Development of many other photonic devices based on conductive polymer, such as 

beam steering, tunable filters and several types of flexible devices. 
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